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1. On the Colour and Polarization of the Light 
scattered by Sulphur Suspensions. 


By Bldhubhusan Ray, M Sc , Lecturer In Optics, Calcutta 

University 


i Historical Introduction 

The problem of the scattering ot light by small suspended 
particles has attracted a great deal of attention in view of its 
bearing on the explanation, of the blue colour of the sky and 
of the sea Some of the earliest experiments on the subject 
were those made by Tyndall who attempted to explain the 
polarization and colour of the sky, as due to the scattering of 
light by very small particles m suspension m the higher at¬ 
mosphere He imitated the blue light of the sky in his laboratory 
by having a cloud of very small particles m a tube, containing 
Iodide of allyl The fine particles were formed by the action of 
light on the liquid 

The late Lord Rayleigh 1 next took up the problem and stud¬ 
ied the scattering of light by suspensions of sulphur obtained by 
adding a drop or two of very dilute sulphuric acul to a weak solution 
of sodium hyposulphite. At first the scattered light seen in a per¬ 
pendicular direction is completely polarized, but as the particles 
began to grow in size, the light is not extinguished in any position 
of the Nicol but in the position of minimum illumination shows 
Tyndall’s phenomena of the " Residual Blue,” proving that for 
the shortest waves, the polarization of the scattered light is rela¬ 
tively more imperfect The direction of maximum polarization 
now becomes oblique and moves back towards the source. Prof 
Love' next treated the problem mathematically limiting himself 

1 Scientific Papers, Vol I and Vol IV. 

1 Load Math Soc Proc. Vol 30, p. 308. 



a 


B Ray 


to the case of spherical particles but withnut any limitations as to 
their refractive indices and (so far as the general expressions are 
concerned ) to their radii as well Owing to the omission of some 
factors in his equations, some discrepancies arose The late 
Lord Rayleigh corrected the results and put them in a very simple 
form These equations will be referred to again later on 

Bromwich 1 has given a general solution of the problem of 
the scattering when a plane simple harmonic electromagnetic 
wave strikes a sphere. In certain cases a marked simplification is 
introduced by using spherical polar co-ordinates When certa a 
assumptions are imposed upon the particles as regards their 
size and nature, tlic equations obtained by Bromwich are identi¬ 
cal with those obtained by the late Lord Rayleigh, though ex¬ 
pressed in a different form In the case of large perfectly con¬ 
ducting spheres, the formula given by Bromwich have been uti¬ 
lised by Messrs Proudman, Doodson and Kennedy* who have made 

numerical calculations for the case of ku«= 9 and 10, where 

and a*= radius of the spherical particles Here they found that 
the curve showing the variation of the intensity of the light scat- 
tered indifferent directions is of an oscillatory character. 

In course of a study of the phenomena of the f( Residual 
Blue in the light scattered by sulphur suspensions obtained by 
Rayleigh s method, the author was induced to continue his obser¬ 
vations to a stage at which the particles had grown much larger in 
size, and found that oscillations of the intensity of the light scat¬ 
tered in different directions were readily observable They were 
somewhat similar to those shown in the curves published in the pa¬ 
per by Messrs Proudman, Doodson and Kennedy, but the eharao- 
ters of the curves for the light polarized m and right angles to the 
plane of scattering in this case were found to be interchanged. 
The difference is not surprising, as tn the present instance we are 
dealing with sulphur particles which are not at all perfectly con¬ 
ducting spheres It is proposed first to give a general description 
of the author s observations and then to discuss the results on 
the basis of the rigorous electromagnetic theory of diffraction. 

1 Phil Trans Serial A, Vol. aao, 19301 

1 Phil. Trani. Serial A f Vol. 317, 1917, 
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2 Experimental Results. 

The experimental arrangements required are of the simplest 
kind Light from an i,ooo c p lamp is focussed by a lens upon a 
rectangular slit behind which was placed a beaker of clear water, 
15 to 20 drops of a very weak solution of sodium thiosulphate is 
added to the water in the beaker and 4 to 5 drops of very 
dilute sulphuric acid are then put in and the liquid stirred A 
fine precipitate of sulphur slowly forms which scatters the light 
passing through the liquid Care should be taken not to add 
more acid than absolutely necessary as the formation o[ sulphur 
particles is then unduly hastened and the phenomena now to he 
described cannot be satisfactorily observed The best results are 
obtained when the quantity of acid is just sufficient to cause the 
first blue colour to appear after 15 minutes 

As the sulphur suspension gradually forms, the colour and 
polarization of the light scattered by it change in a remarkable 
manner For qualitative observations it is convenient to view the 
scattered light with the eye placed above the beaker, the illuminat¬ 
ed portion of the liquid being as near the surface as possible. 
For purpose of measurement of the angles of scattering, the scat¬ 
tered light from the centre of the be iker may be observed through 
the sides of the vessel The scatteied light vanes in intensity and 
colour in different directions and when observed through a Nicol, 
changes as the Nicol is rotated about its axis 

Lord Rayleigh observed that '* I11 the early stages of precipi¬ 
tation, polarization is complete in a perpendicular direction and 
incomplete in other directions After an interval the polarization 
begins to be incomplete in a perpendicular direction, the light 
which reaches the eye when the Nicol is in the position of mini¬ 
mum transmission being of beautiful blue colour, much richer 
than any thing that can be shown in the earlier stages " At this 
stage the polarisation is more complete in a direction with 
positive, 1 e back towards the source. When the particles increase 
in size, a neutral point comes in near 0 = 0 with still further 
increase, this neutral point moves away towards 0 = 180°, and be¬ 
tween the neutral direction and 0—0, the relative intensity of the 
two components is interchanged, in other words, the state of pola¬ 
rization of the scattered light is now reversed Lord Ravleigh ob¬ 
served such reversal with blue light only. The author has con- 
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firmed Lord Rayleigh's work and also extended his investigations 
to much larger particles. It is found that with larger particles 
this reversal can be seen with red light and it is possible to follow 
up the movement of the neutral direction to a stage in which it 
is nearly 6 =i8o°. Further with white light, the scattered light 
shows a succession of colours m different directions, these colours 
being different for the two components of polarization. The 
observations are tabulated below*— 


Tabi,e I. 

Colours of the Scattered Light. 


Time from 
Commence¬ 
ment i 

Orientation 
of the Nicol 

Description of Colour and 
direction of Scattered 
flight 

Remarks 

r s mm | 

11 

x 

•Blue colour (Residual blue) 
max being at 90° 

White patch (but slightly 
bluish) 

Light scattered near¬ 
ly pari to Lbe direction 
of transmission is white 
but slightly tinged blue. 

30 min i 

11 

Brownish red *blue 

9 =o to 0=6o D fi=6o° to e = 135° 

Transmitted light 11 
yellowish white 

( 

± 

slightly brownish tint 
a=o to #=85° 


* 

45 min * 

11 

Brownish red colour dis¬ 
appears and greenish blue 
appears extending from 0=o 
to 9 = 120° 

1 99 * 

• 

X 

Blue Brownish red 

8 =0 tO 9=85° 9 = 85 8 to 9 = 135 ° 


1 hr 

11 

1 Greenish yellow from 0=0 to 
8=uo° other colours cannot 
be distinguished 

11 

L 

X 

Brownish red ’green 

e=o to 0 = 70° 0 = 70 to 9 = 112° 

Red 

9 = 1I2 q to 140° 

»1 


|| component n the component having its vibrations in the plane containing 
the direction of the Incident ray and the direction of observation The vibration 
Is perpendicular to the direction of observation 

J_ Is the component having its vibration' perpendicular to the above plane. 
The vibration is also perpendicular to the direction oi observation. 

* Indicates that the colour is very pronounced. 
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TABI 3 II- 

Colours of the Scattered Light 


Time from 
Commence¬ 
ment 

Orientation 

Description of Colour and direction of 

of the NjcoJ 

Scattered Light 


II 

Brown Green The transmitted light 

1 hr 1 a min. 


• so to 0=65° 6=63° to 0miio° turns a bit reddish. 


J_ 

Bluish green: Crimson red i *Greenish yellow 

6 =0 to 0=60“ 0=60° to I IO° f = ioo° to 130° 

Rosy red, the colour being pro- 

• =130° to iBo° uounced at = i6o D 


11 

Yellowish green Light brown Greenish white 

• so to 1=65° - 0 = 65° to 97° 0=97° to 120 0 

Transmitted light 

1 hr 22 min 


Is reddish 


X 

Light red *Greenish yellow • Orange red Yellow 
• ■*0° to 6o° e«=6o° to B5 0 0=85° to 114° 0am4* 

to 140* 

Red light till 0=180,° 
colour moat pronounced 
at 160* 


II 

Greyish green Brown red Green liana- 

#=0 to 0=88° 0=88“ to 117° 0 = 117° to 140° nutted 

light s 

1 hr 35 min 


| red 

X 

' Light red Yellow Orange red Yellow 

1 9=0101 = 55° #=55° to 92" 0=93 to 117° 0 = 117 0 to 

1 

1 Transmitted light is 

red, colour moat pro¬ 



nounced at 0=165° 


|| component is the component having Its vibrations In the plane containing 
the direction of the incident ray and the direction of observation. The vibration 
is perpendicular to the direction of observation 

X is the component having Its vibrations perpendicular to the above plane. 
The vibnatlon is also perpendicular to the direction of observation 
* Indicates that the colour is very pronounced 

A few observations were made of the direction of the maxima in 
the scattered light in this case using red and yellow glasses respec¬ 
tively to approximately monochromatize light. The following re¬ 
sults are tabulated for the case in which the Nicol 15 in the j_ posi¬ 
tion. The observations clearly indicate that the colours of the 
scattered light arise mainly from the fact that the directions of 
the maxima and the minima are different for different wave 
lengths 
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Angle ^ Position of the Maximum 
Red 45° 105° 165° 

Yellow 75 0 125 0 


3 Theoretical 

Let us suppose that a beam of unpolarized light falls on a 
spherical obstacle with its centre as the origin and also let the light 
travel in the negative direction along the axis of Z Suppose we 
confine our observation to the horizontal plane (1 e. plane con¬ 
taining Z, 2 T) at a distance r from the centre and making an an¬ 
gle 6 with incident beam We can observe both the horizontal 
and the vertical components of the scattered light with the help of 
a Nicol at the point in question 

If X f Fand Z denote the electric forces parallel to the three 
axes in the scattered wave then the vertical component of the 
scattered light is denoted by F while the horizontal one by 

xZ-zX 

r 

Love's solution as corrected and modified by the late Lord 
Rayleigh gives the following expressions for the two components. 

ft * i 2n + t r n -ift(c/-r) 


xZ-tX 


2 NJmPii* -n(n + i)P fi ] -T- 

nm I n(n + i)L J hr 


2t r 


In these equations, p X being the wave length of the inci- 

dent light, /*=cos B and P u or P m (p) is a zonal harmonic of 

_ zjf 

degree n, whose axis is the axis of Z Mod Y and Mod —-— 

give the amplitudes of the two components and their squares 
give the intensities M K and N n arc functions of the size and 
optical proportions of the spherical paitides. The complete ex¬ 
pression for 
AT. is 
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♦ v'J^E-W 

♦-W ) 

The expression for Jlf a is obtained by substituting /i the magnetic 
permeability, instead of K In optical problems we may take 
p_i so the expression for Jf, stands as above. 

K is the dielectric constant of the material composing the 
spherical particle, that of the surrounding medium being supposed 
equal to unity K may be substituted for m % where m is the re¬ 
fractive index of the material composing the sphere, relatively to 
the surrounding medium, and 

v , ,/i * cm 

♦.=(-■>■13179 — 

and 

_-j—. . ./i d e-'i| 

«; = (->■. 1357-9 (-*■>(, 7 ,) — 

ao that 

* *■(>») - *+..(*>) 

vhen real and imaginary parts are separated. 

4 Calculations with Sulphur Particles. 

The late Lord Rayleigh in the same paper calculated the val- 
%Z — bX 

nes of Mod Y and Mod —--for various values of v, not greater 

than 225 assuming K=z 25 (an arbitrary value) He also sug¬ 
gested that (t It would be possible to follow these calculations to 
greater values of 17, and such an extension would not be without in¬ 
terest, but the arithmetical work would soon become heavy. Also, 
without increasing 17, the refractive index might be varied ” It was 
thought that in the case of sulphur the equations given above 
would explain the oscillations of the colours of the scattered light in 
different directions if numerical calculations were made with the 
appropriate data As these colour fluctuations were observed 
when the particles were larger than those responsible for the Tyn¬ 
dall's 11 Residua] blue " phenomenon, it was only reasonable that 
calculations should be made for larger values of v or (fta) where 
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a—-radius of the particle. Refractive index for sulphur particles 
is i 95 and that of water i 33. K was accordingly taken to 



and the numerical values were computed on the assump¬ 


tion that 5. 

In order to calculate the values of E n (rj) y the sequence formula 
was used 


(an+i)(2rt + 3 ) r F "I 

11 + 1 — _ 1 E* n — n - 1 I 

i* L J 


starting from Eo and E, This method is satisfactory as regards 
the real part of EJfo), but as the imaginary part tends to equality, 
any error, then may creep in, is multiplied at the next step by 
the large factor (2H+1) (271+3) The difficulty can be overcome in 
the following manner when the convergence is good We may 
calculate the value of <A B and ^ l0 by a straight forward method 
very accurately Having obtained them we may then use the se¬ 
quence formula in a reverse direction to find the lower values of 
without any loss of accuracy 

The values of * and 9 were calculated for and tabulated 
below 

Tables of * and + 



* 

+ 

0 

056748 

— I 9 I 75 

I 

— 108264 

— 05704 

2 

— 099009 

080827 

3 

01295 

19302 

4 

28214 

28273 

5 

1 066 

35524 

6 

4484 

41478 

7 

26 664 

46443 

8 

226 236 

506412 

9 

2578-44 

5424 


Tables for 

and N t . 


Mo 

N„ 

1 

- 4978 - iX 4529 

— 5555 ->X 7061 

2 

—■1713- iX - oo3o 

—^SSi-iX'ogis 

3 

— 2423- 1X 0626 

— 3926-1 x -8098 
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Mn 

4 -3453- »X'86i6 

5 '4998- IX-5131 

6 0554- ix 0031 

7 *00475-1 x 00002 

8 00036-1 x 0 

9 00002-1 x o 


Nn 

0287-ix *9992 
■4812-1X *3642 
1476-ix 0223 
0124-1 x 0015 
0013-1x0 
0001-1x0 


The quantities, 

( ~ - uP\-(2n + i)P„| or A„ and -^LLLp'„ or B, 
L«(*+i) J n(n +1) 

are (unctions of n and ^ Their logarithmic values for various 

values of p have been tabulated by Rayleigh 1 up till n=6 and 

their actual numerical values have been given by Pans* for *1=5 

Calculations have been pushed up to w—9 yet the tables are not 

given as the values A m M nf B n M nl etc , decrease rapidly 


Table for Mod Y and Mod—~ zX 



(Mod —) 

(Mod Y) 1 

I 

11 88 

11 88 

■95 

8 12 

2 15 

75 

79 

6 76 

■6 

2 1 

912 

5 

354 

11 91 

4 

823 

14 26 

■25 

13 71 

4 52 

0 

5’4 6 

14 01 

— 25 

9’15 

21 *5 

— - 4 

14*8 

11 32 

—■5 

19*01 

5‘54 

—75 

42 18 

17 44 

— 95 

no 72 

12779 

—1 

376 57 

37657 


Polar diagrams have been drawn (Figs, i and 2) representing (in- 

v 7 w y 

tensity)! or Mod Y and Mod —-— The form of the graphs 
shows the remarkable resemblance between the theoretical and 


1 Royal Soc. Proc Ser A. Vol. M 


* Phil. Mag Vol 30,1915. 
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observed phenomena. It shows that the ± component of the 
scattered light shows 3 oscillations while the || one shows only a. 
It also shows that the max and min. of Fig i( J_ Component) 
are sharper and steeper than those of Fig. 2 (|j Component). 
This also is the actual case, where the number of oscillations is 
greater in the component than the || one; the colours in the 
former component are more prominent. 

The graphs drawn in Figs 1 and 2 evidently correspond more 
or less closely to the stage after 1 hr and 35 minutes in Table II. 

Fig a Fig 4 Fig 6 Fig S Fig 10 Fig. 1a 

<o°> o o O O 


cz3>o o o O 

Fig 1 Fig 3 Fig 5 Fig 7 Fig. 9 

Also from the graph in Figs 1 and 2 it is seen that the maxi¬ 
ma are more pronounced when 0 approaches 180° This is in 
agreement with observation as the intensity of the colour increas¬ 
es in that direction In order to get a clear idea of how the light 
scattering alters with the size of the particles for the two states of 
polarization, the numerical data given by the late Lord Rayleigh 1 
for fca—1, ka — 1 5, ka—i 75, ka-^2 and ka —2 25 have been plot¬ 
ted as polar diagrams in Figs 3 to 12 It will be noticed that 
the || component which has no intensity when 0—90° and ka is 
small shows fewer and less marked fluctuations with increasing 
values of ka The tendency is clear even when ka^i 75 and 
becomes patent for still larger values of ka 

The radius of the particles in Table II and after 1 hr- 30 
min from commencement was found to range between o _ 3^ to 0*5/4 
being thus of the same order of magnitude as that indicated by 
the character of the light scattered by them. 



■•'i'll 

Fig ii 


1 Froc Roy Soc, Sci A, Vol. 84,1911 
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5. Summary and Conclusion 

1 The colour and polarization of the light scattered in differ¬ 
ent directions by very fine suspensions of sulphur have been 
studied by the late Lord Rayleigh. In the present paper, the work 
is extended to much larger particles and some very remarkable re¬ 
sults have been obtained It is found that for the larger particles 
the curves representing the intensity of the light scattered in 
different directions become of a oscillatory character, the pheno¬ 
mena being markedly different for fight having its electric vector 
(I and j_ to the plane of scattering containing the incident and 
scattered rays. 

2 Rayleigh observed that at the rarly stages, as the par¬ 
ticles increase 111 size the position of maximum polarization shifts 
towards the source. With still further increase in the size of the par¬ 
ticles, a neutral direction appears nearly at 0=o which gradually 
begins to shift towards 0 —180° Between the neutral direction 
and 0«=o°, the state of the polarization of the scattered light is 
reversed Rayleigh observed such reversion only with blue light 
The author has pushed the investigation to larger particles and ob¬ 
served such reversal with red light and traced further the move¬ 
ment of the position of the neutral direction to about 0—180°. 

3 In the earlier stages, as the particles form, it is found that 
the || component shows more pronounced fluctuations of intensity 
and colour, than the j_ component, the latter showing hardly any 
trace of variation of intensity with direction As the particles in¬ 
crease in size, the position is reversed (see Tables I and II of 
the paper) The component now shows a larger number of os¬ 
cillations, and the colours in it are more prominent than those of 
the || component. The colour sequence alters in the manners 
indicated in Tables I and II The intensity curves are somewhat 
like those published by Messrs Proudman, Doodson and Kennedy 1 
for perfectly conducting particles except that the characters of 
the curves for || and j_ component are here interchanged. The 
difference is due to the fact that in this case we are dealing with 
particles of sulphur which are transparent, and not with perfect¬ 
ly reflecting particles 


1 Phil Tram Vol. 217, 1917 
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4 In order to explain the phenomena, the theoretical for¬ 
mulae have been numerically computed for the casein which Ao* 5 
and the results are found to agree with the observed facts. 

5 The colours of the transmitted light as seen by Porte- 
and Keen 1 will be theoretically discussed in a separate paper. 

The investigation here described was carried out in the Paht 
Laboratory at the University College of Science and the author is 
indebted to Prof C, V Raman, Palit Professor of Physics, for the 
unfailing interest he has taken during the progress of the work 

University College of Science, 

92, Upper Circular Road , 

Calcutta 

The $th May , 1921 

* Roy Soc Proc Vol 89, Ser A 



II. On the Vibrations of the Pianoforte-String. 


By Panehanon Daa, M.Se , Reaeareh Scholar in the Indian 
Association for the Cultivation of Science. 


The mam features of the vibrations of the pianoforte-string 
were first elucidated by Helmholtz, who assumed the force exerted 
by the hammer during impact to be of the form F sin pt Next, 
Kaufmann 1 discussed it on different lines with the aid of func¬ 
tional solutions of the equation of wave-motion, but his treatment 
in the most important case, viz that of a string struck not far 
from one end, was only approximate Prof C. V Raman* and 
B. Banerji, worked out the problem m a more complete manner 
by regarding the motion during impact as that of a loaded string 
and by taking into account the discontinuous changes in the 
pressure ot the hammer due to the successive reflections of the 
impulse from the ends of the string. Kaufmann’s work can also 
be extended so as to give more accurate results by working out 
the successive functional solutions. This method is not so cum¬ 
brous as might be apprehended, in fact the results are very 
simple and elegant in form 




0 *1 , 

^ — 


\ P 


Fio. i. 

Pig i, represents a pianoforte-string. 0 is the position of the 
point where the hammer strikes the stnng and A is the fixed end 
of the same, the length OA being equal to a We assume that 
the length a is so small, or rather the other end of the string 


Annalender Fhyrik Bud 54 (189$). * Proc Royal Society A , Vol 97 (igao). 
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attached to the bridge B is so remote from O, that the impact 
ceases before the wave reflected from the bridge-end reaches 0 . 
For the present we restrict ourselves to the case of a rigid hammer 
for the simplicity of its treatment, the case of an elastic hammer 
will be discussed later on The following are the symbols used in 
the paper — 

m=Mass of the hammer. 
p«=hnear density of the string. 

7"—= tension of the string, 
c—wave-velocity in the string 
V=init:al velocity of the hammer 
^“Variable time. 


We take the x-axis along OA, and for simplicity suppose the 
vibrations to be in a plane passing through OA and j r to OA. 
Let the displacement at any point of the string at any instant t 
be y i for positive values of *, y 0 at 0 and y, for negative values 
of x. 

We divide the duration of the impact into a senes of epochs 
determined by 0 < ct < za, za < el < $a, 4 a < ct < 6 a, and so on, so 
that each of these epochs corresponds to the time taken by a pulse 
from 0 in returning to 0 after reflection from the end A. It will 
be found, as easily follows from general considerations, that the 
motion of the string is different at different epochs So it is 
necessary to investigate the motion in each of these succeeding 
epochs. 

I Epoch (0 < ct < 2a) — 

The equation of motion of the string on each side of 0 is 

d*y _ t d*y 
dt 1 “ c ’ 


and that of the hammer is 


m 


gy.. _ T ( dy \ 

dt l V dx dx' s=o 


(I) 


As the hammer impiuges on the string, two waves of the same 
form start in both directions of the siring, so that the displace¬ 
ments are 

yi=/i(c< + *n 

y, — fcf — x) r .. • ■ ■ .*■«■•■■■ ..... (®) 

Vo = /i(cO ' 
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However from after ct-=a, a pulse corresponding to the reflec¬ 
tion of /, (el-x) from the end A will affect the value of y 4 , but that 
pulse will not reach O, until ct= 2 a, so that if we confine our atten¬ 
tion to the immediate neighbourhood of 0 , the value assumed in (2) 
is sufficiently representative in the First Epoch. 

Substituting (2) m (1) we get, 


or 

where 


mc*/i'(ef) + 2 T/,'(cO= o, 
/,'(£<) + A/,'(cO = o,. 

^ _ 2T _2 P 
me * m 


The first integral is 

f l '{ct) = Cc- kc ‘ 


( 3 ) 


When <=o, y 0 = o = cf'(c) — cC 



e 


Thus, /.'(c/) = .... . (4) 

c 

II. Epoch ( 2 a < ct < 4 a) -— 

The wave y 4 = f x (ct - x) of the first epoch is reflected back as 
a wave -f^ct+x - 2 a), and reaches 0 at — 2a. This is easily 
seen from the fact, that f x (ct - x) - f x (ct+x - 2a) produces a node at 
x—d. We shall suppose that this reflected wave is transmitted 
unaltered through 0, but excites fresh waves in the positive and 
negative directions of the x-axis, while the original wave /, conti¬ 
nues To satisfy the condition of continuity of displacement at O, 
these two waves, thus supposed to he excited, must be of the same 
functional form, i e. f g (ct-x) and / a (cf+x) respectively We then 
write 

yi=/,(rf + ») +/ 4 (c< + *)-/ l (d + *-2<i) j 

+A(c*-*)-/i(e< + x- 2 a) j.(5) 

Vo= fi(ct) + /, ( ct) - /, (ct -2a) 1 

Substituting these in (i) and simplifying the results with the 
help of (3), we get 

h'(ct) + kf t '(ct)=f l '(ct-2a) .(6) 

Writing x for ct, we get the first integral, 

//(x)^ = C a +//,'(x-2fl)^dx) 

- C, + /,'(*- 2 «)dx- k 2o)e**dx. 
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Substituting from (4) we get 

/ g '(z)e*‘ = C/ + (z - 2a) 

Or, / g '(z) = C/e~ iM + -^s _ * , ’" , ‘ ,) | r- 4 (z—2«)|. 

At c/=2«, the value of y A calculated from the I Epoch equals 


that calculated from the II Epoch 

Thus, /,'(2a) +//(2 a) - /,'(o, = /,'(2a) 

or /,(2a) = //(o 1 =^ . .(7) 

Hence C/ = o. .(7a) 

/,'(*) = f i-k(ct-2a) 1 .... . (8) 

III. Epoch (4a < ef < 6a) — 


We now proceed to apply the same method to the third and 
subsequent epochs. The pulse / t (c< - *) is reflected from the end 
A as -fj{ct+x- 2 a) and this after incidence on the hammer gives 
nse to two new pulses f a (cl - x) and / a (el + x) along OA and OB 
respectively The pulses /, and f i and their reflections still conti¬ 
nue Thus, the displacements are 

y,=ft(ct + *) + /.(<* + x) + Met + x) 

—fiicl + x — 2a) — f (cl + x — 2a) 
yi = h(ct-x) + f i (ct-x)+/Acl-x) 

-f { (ct + x- 2a) — f / (ct + x-2a) " 

y 0 =/i( f< ) + / (ct)+f 6 {ct) 

-f l {ct-2a)-f i (ct-2a) 

Substituting these in (1) and simplifying the result from (3) 
and (6) we get 

/i'(ct) + kf/(cl) =f/(ct - 2 a) - 


The first integral is 

/s'(»)«** = C„ + e*“//(z - 2 a) - kj «*.//(* - aa)dz 

(2- 4 a)'l 


- v -f- 


(10) 
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Equating again the values of y 0 from the II and III Epochs 
at c/=4«, we get 

/l'(4A) = /i'(2rt) = ^° 

C^ = o . . . (io«) 


Hence, 


VC 1 

f/(d) = | 1 - - 4a) + --(c/ - 4 a) % ^ . (11) 

IV Epoch (6a < ct < fia) — 

Exactly similar arguments show that, a new pulse / 4 (z) is 
called mto play. 

The equation of motion reduces to 

//W+ *//(-) = //(*-") ■■ - (12) 


Integrating, we get 


/4 # W^' = C; f ^V u '£' j .. (13) 


Again, from the continuity of velocity at ct=6a at o, we get 


Hence, 


A'(6«)=A'(4'0 = v 

g 

^ / - o . 


(IJ«) 


V C ait*’ 

//(£?/) =j x — —6a) + — .. (14) 


Generalisation — 

It will thus be seen that the end of every epoch, say the 11 th , 
a new pulse /„ ^(z) 1S brought into existence, and its form is given 

by the differential equation 

/»+-1 (2) + ^/ m 1 (2) — fn (2 2 a) ■ • ■ » . - - ■ (l 5 ) 

as is seen from the results (6), (10) and (12). 

Also, the suitably adjusted constant of integration vanishes, 
as is seen from (7a), (10a) and (ija). 

Thus comparing the forms of //, f 6 \ // we deduce that cor¬ 
responding to the V Epoch (,8a <ct< 10a), 

1\{z) _ 4 ft (2 _ 8(l ) + ^ (*-8a)* - ii\* -8a)« + £(*- 8 a )4 
Generalising the result by the method of induction we have, for 


the (»+l)“ epoch, (n.2a<ct aa), 
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coordinates, and let x t y be the coordinates of an element of the 
wave-surface P'YP Then if p be the distance of the point R 
from the clement (x t y) } the disturbance at R due to the latter 
may be represented by a periodic expression of the form cos 
k(nt-p) where k=2*l x Expressing p in terms of the coordi¬ 
nates chosen, 
we have 

^ = (*-f ) 2 + (y-v ) 1 

= f 1 — 2x£—2yr) + £* + t) 2 , f being the focal length 
= f 1 - 2st — 2 fr) cos 0 + £ 2 + 7} 1 approx 


where s is the length of the arc measured from Y to the point 
(x, y) along P'YP } and 0 the angle which that arc subtends at 0 
On further transformation 
we get 

p 1 = (f — vY + £ 2 — 2s£ + 2/i?(i - cos 0) 


Hence 


= p l] 1 — 2s( + — since s — fO -= / sin 0 approx 


P = Pn - s + —i sl ( a PP rox ) 

Pn 


P 0 being the distance of R from Y 

Or we may write, substituting / for /> 0 in the small terms, 

£ 71 

p = Pd - -j s + -jp s 1 (approx) 

The total disturbance at R due to the whole wave will be given by 


cos k(at- Pa + js- 


(i) 


This will also represent the resultant magnetic intensity at R 
The electric intensity at the point will have for its components 


-r_ 

r . 

Eg = I si 

—a 


COS I p COS 


sin $ cos 


kfa-Po+JS-^^ds 
*(i t-Pn+ JS- Jji s*)ds. 


( 2 ) 


( 3 ) 


where <p is the angle which the vector from the element of the 
wave under consideration makes with a direction parallel to OY. 
Since <p is always small, we may write approximately cos </>=*i and 
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sm <f>=(f-s)//. The expressions then become, after some further 
transform a tions, 

= = COS £(a/-^) +S 0 Sin fc(a t-fa). . ..( 4 ) 

Ey = Cj COS k(at-pn) + 5 , Sill Hat — Pn) .( 5 ) 

where } 


C n = \ cos (Is - ms 1 ) 
S„=\ — 5111 (/a —W% 1 ) r/s 


’-L; 

■a y 

r a 

■-S "t 

J —a 


( 6 ) 


cos (h — ms 2 ) ds 


= 1-— sin (Is — tns ) ds 

J —ff 

l — kiff and m — hr]j2 


The direction of the time-mean of the vector \U H J will deter¬ 
mine the direction of the line of flow of energy at the point 
Hence if ^ be llie angle which the line of flow makes with the 
direction 0 Y f we have 


tan 4 — 


II L, 

iris 


C n F 1 +- S', S , 
} u s' V” 


This is the differential equation of the lines of flow We may 
now put the four integrals C n , C u S n and S, in a form suitable for 
calculation, expressing them m terms of Fresnel integrals or m 
terms of Lommel Function* Since the addition of a constant 
term in the periodic part does not affect the time-mean value of 
the expressions for E and //, equations (4) and (5) will continue to 
hold if 
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mation be made, in the part of the field which is of most interest, 
i e near the focus, to reduce the equation to an easily mtegrable 
form The lines have therefore to be drawn directly from the 
differential equation by calculating the direction of flow at succes¬ 
sive points and tracing out the lines bit by bit The curves in the 
accompanying plate have been drawn thus, the direction of a line 

being determined at successive intervals of ^in the value of (££*//)- 

There is also another expression in terms of Lommel Functions 
which is suitable for numerical calculation at a distance from the 
focus. Starting from equations (6), we have 



cos (Is — ms 1 ) ds = 21 cos /* cos ms 2 ds = Z (say) 

(14) 

J — IT 




r ff 


io=\ - 

sin (/s - ?ns 2 ) ds = 21 cos Is sin ms 1 ds « 2 Z [ (say) (15) 

J —o- 

^0 


■r 

( — 5 

-y- cos (/s — ms 2 ) ds 


1 n 

II 


2 r 

--Is sin Is sin ms 2 ds 


((— —) + — sin la cos mu 2 
\ 2m/ mj 

(16) 

Similarly 

((——) + —-sin tv sin mo 1 . 

V 2m/ mf 


5 ,=p| 

(17) 

so that 


tan iff = ^ 

€ l \ 1 , Z cos tntr 2 + Z r sin mo 1 

7 »/)*»/■ Z‘*f‘ 

..(18) 


or since Z = A£// and m = A^/2/ 2 


, t ( ( f , Z cos wtr 2 + Z' sin ma 1 

_ sui i„ — zr _ ?] — 


■ ■ (19) 


We may now proceed to express Z, Z’ in terms of Bessel’s func 
turns. 
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Z= t cos Is cos ms* ds= ^ ^ 

J o U o 

where 11 y U , are Lommel functions defined by 

I 3 /« 

T™ s /a mcr\"+^ T 

u,=2J-i) (—) • - 


(/s) cos ms 1 ds 

■ (20) 


Similarly 


Hence 


Z' = | t/j sin mcr*— U^ cos mo 1 j . 

tan V'=7 -- + t- ~ Sln l,r Trr\r~r 
f t) krj v "■ U^' + Un 1 


( 21 ) 


..( 22 ) 


a f J ( jjnjt P, sin * + <g, cos x _ 

f V V (P| sin * + cos i) 1 + (F, sin x + Q t cos x ) 1 


where x — k(ir/f 



The expressions are obtained by expanding the Lommel functions 
m a series of Bessel functions and then substituting semi-conver¬ 
gent expansions for the latter (see Gray and Mathews, Bessel 
Function, p 42) The expansions are useful as the terms converge 
rapidly in regions well outside the geometric cone, a being then 
small 

Some principal features of the lines of flow as drawn from 
the above calculations may now be noted The first thing that 
strikes us is the remarkable concentration of the lines when 
approaching the focus. Most of the lines of flow originating 
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within the geometrical cone of light (represented by the dotted 
lines in the Plate) from the aperture crinkle down to the central 
maximum in the focal plane, a fact which is but to be expected in 
view of the large concentration of light that is known both ex¬ 
perimentally and from the elementary theory of diffraction to 
occur at the focus. Secondly, the lines of flow which reach down 
to a point at a distance from the focus originate near the boundary 
of the aperture, and this perhaps explains the luminosity of the 
boundary of the aperture when viewed from behind a small 
obstacle covering the focus The lines of flow are practically 
straight lines radiating to the focus, except in the close neighbour¬ 
hood of the focus itself where the crinkling is much more pro¬ 
nounced The “ visibility” of the fringes observed in any plane 
depends on the amplitude of the crinkles, and hence increases as 
the plane of observation is moved down towards the focal plane 
and the Fresnel class is gradually transformed to the Fraunhofer 
class of diffraction phenomena. 



IV. On some Indian Stringed Instruments. 
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i. Introduction 

study of the numerous kinds of musical instruments to be found in 
doubted-antiquity and disclose a remarkable appreciation of aeons- 

flrt n.l n nl nn A — I iHMA.Lnn.ln— . 1 a m* nnAAlnl f aa .OAAf 1.1 .. A1 

parison witti tnose or instruments or otner countries may oe ex¬ 
pected to yield results of great interest An instance of the fruit- 

flllllpcc nf tVin Itnp nf n/nrlr liprn ciitrm>c+-pr1 ic trt Kp f/innrl in flip nr*-*- 
_-_ t- _ t-_j _ 'hr. _ i ___ _ i. i _ 

t 

been found to embody m a practical form the solution of the 

T 1 A Wl A f 1 A aJ ■ M _ ni ai A !■ T » mm <J aM It AM il « U J« 1 n A n Ad a« AB An li A 

as a strineed instrument 1 In the nresent natter it is nronctsed 
to offer a preliminary note on the results of the author’s study of 


i ■ V.i.. 


__ 1 fS_v □ a ___* _ e a l 

tu l»g puuuaucu ua ■ uuuqliu ui uiu jubuu 
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2 The Form of the Bridge in the “Tanpura" and 
the 11 Vina " 

The n Tanpura" and the “Vina" are two of the most high¬ 
ly valued indigenous stringed instruments intended to be excited 
by plucking Plate I, Fig i illustrates the form of the 1 ' Tanpura " 
This instrument has no frets and is intended merely to be used as 
a drone in accompaniment with vocal or other music It has four 
metal " strings 11 which are stretched over a large resonant body 
and can be accurately tuned up to the right pitch by a simple de¬ 
vice for continuous adjustment of tension The remakable fea¬ 
ture of the cf Tanpura* 1 to winch I wish to draw attention is the 
special form of bridge fixed to the resonant body over which the 
strings pass The strings do not come clear off the edge of a 
sharp bridge as in European stringed instruments, but pass over 
a curved wooden surface fixed to the body which forms the bridge 
The exact length of the string which actually touches the upper 
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surface of the bridge is adjusted by slipping in a woollen or silken 
thread of suitable thickness between each stung and the bridge 
below it and adjusting its position by trial Generally the thread 
is moved forwards or backwards to such a position that the metaJ 
M string " just grazes the surface of the bridge. The description 
will be dearer on a reference to Fig 3 above where the bridge and 
the string passing over it are indicated diagrammatically. 

The “ Vina " on the other hand is a fretted instrument intend¬ 
ed for use in playing melodies (Fig 2 in Plate I) The form of 
the bridge adopted in it differs from that of the “Tanpura" in 
two respects The upper curved surface of the bridge in the 
" Vina” is of metal, and the special mode of adjustment of con¬ 
tact by means of a thread used m the a ‘ Tanpura" is dispensed 
with, and the string merely comes off the curved upper surface of 
the bridge at a tangent, as indicated diagrammatically in Fig. 4. 
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Fig I Tanpurd 


Fig l Vina 
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(No attempt is made in this figure to indicate the exact form of the 
lower part of the bridge.) 



The bridge of the "Vina” is also much higher above the body 
of the instrument than in the " Tanpura ” Even when the strings 
are pressed down on the frets when the instrument is being played, 
the curvature of the upper surface of the bridge ensures the 
string always leaving the bridge at a tangent to it as shown 

3 The Failure of the Young-Helmholtz law 

The special form of bridge illustrated above has a very remark¬ 
able influence on the tone-quality This can be most readily 
demonstrated in the " Tanpura.” When the adjustment of con¬ 
tact of string and bridge is made carefully by trial, the instru¬ 
ment is highly sonorous, giving a tone of fine musical quality. If 
on the other hand the grazing contact of string and bridge is ren¬ 
dered inoperative (as for instance by inserting a small piece of 
metal between the string and the surface of the bridge)” the tone 
becomes dull and insipid. A similar remark applies also to the 
case of the " Vina/' though the difference is less striking in the 
latter case 

I11 attempting to find an explanation for the difference in 
tone-quality pioduced by the special form of bridge, the author 
made a surpnsmg observation, namely, that ill the tone of the 
” Tanpura ” or the ” Vma/' overtones may be heard powerfully 
which according to known acoustical principles should have been 
entirely absent. According to the law enunciated by Young and 
Helmholtz, if the string is plucked at a point of aliquot division, 
the harmonics having a node at the point of excitation should be 
entirely absent. This law may be readily verified on an ordi¬ 
nary sonometer with the usual form of budge. For this purpose, 
the position of the no^e should first be found exactly by trial by 
putting the finger in contact with the string and plucking else- 
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where so as to elicit the overtones desired Having found the 
position of the node, the string should be plucked exactly at that 
point and then again touched with the finger at the same point. 
On an ordinary sonometer, this results in the sound being inline 
diately quenched inasmuch as the finger damps out all the par- 
tials except those having a node at the point touched, and the 
latter are not excited in the first instance in accordance with the 
Young-Helmholtz law On trying the same experiment with the 
<f Vina ” or the 11 Tanpura ”, it will be found that the overtone 
having a node at the plucked point sings out powerfully In fact 
the position of the plucked point hardly appears to make a differ¬ 
ence in regard to the intensity of the overtones in the ff Tanpura ” 
This remarkable result is not due to any indefinite ness m the posi¬ 
tion of the node point, as the latter is found to be quite well 
defined as is shown by the fact that m ouler to demonstrate the 
effect successfully, the string must be plucked and then touched 
exactly at that right point otherwise the sound is quenched 
We are thus forced to the conclusion that the effecl of the special 
form of bridge is completely to set aside the validity of the 
Young-Helmholtz law and actually to manufacture a powerful se¬ 
quence of overtones including those which ought not to have 
been elicited according to lhal law 

4 Outline of a Mech\nicat, Theory 

Some photographs of the vibration-curves of a (f Tanpura" 
string weie made at the suggestion of the author by Mr Alitned 
Shah Bukhari at the Government College, Lahore, last November. 
They showed that in consequence of the grazing contact at the 
bridge, the vibration ol the string decreased in amplitude and 
altered its form at a much more rapid rate than when the grazing 
contact was rendered ineffective A more complete investigation 
is obviously desirable From first principles, however, it is ob¬ 
vious that in the f Tanpura ' the forces exerted by the vibrating 
string on the bridge must be very different from what they would 
be for a bridge of ordinary form. It seems probable that by far 
the greater portion of the communication ol energy to the bridge 
occurs at or near the point of grazing contact. The forces exerted 
by the string on the bridge near this point are probably in the 
nature of impulses occurring once in each vibration of the string. 
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This would explain the powerful retinue of overtones including 
even those absent initially in the vibration of the string. At a 
slightly later stage, the reaction of the bridge on the string would 
result in a modification of the vibration form of the latter and 
bring into existence partials absent initially in it There would 
in fact be a continual transformation of the energy of vibration 
of the fundamental vibration into the overtones 

The foregoing explanation of the character of the tones of the 
" Tanpura ” would not be fully applicable to the " Vina ” as the 
forces exeited by the string on the bridge in this case would not 
be purely of an impulsive character. There is however a certain 
portion of the bndge over which the string comes into intermit¬ 
tent contact during the vibration, and it seems very probable that 
the theory for this case is intermediate in character between that 
for the 1 Tanpura ' and those for stringed instruments with bridges 
of the ordinary ype Further experimental work is needed in 
support of this view 

5 Summary 

The present paper deals with the remarkable acoustic pro¬ 
perties of the " Tanpura ” and the “ Vina ” which are two of the 
most highly reputed among Indian stringed instruments The 
form of the bridge used in these instruments is quite different 
from that usually found in European stringed instruments. In 
the ' Tanpura ’ the string passes over the wooden upper surface of 
the bridge which is curved to shape, and by insertion of a thread of 
wool or silk, a finely adjustable grazing contact of string and 
bridge is secured. In the ‘ Vina 1 the upper surface of the bridge 
is of curved metal and the string leaves it at a tangent The 
tones of these instruments show a remarkable, powerful scries of 
overtones which gives them a bright and pleasing quality Ex~ 
penment with these instruments shows that the validity of the 
Young-Helmholtz law according to which partials having a node at 
the plucked point should not be excited is completely set aside 
A possible mechanical explanation of this result is suggested. 




V. Note on the Omori-Ewing Seismograph. 


By Dr Gilbert T Walker, C.SJ Sc D , F.R.S. 

\Extract from a letter to Prof C V Raman with reference to the preceding paper | 

In connection with your very interesting stringed instrument 
it may be convenient to have a more definite statement regarding 
the apparently somewhat similar effect observable with seismo¬ 
graphs 

As you probably know in the Omori-Ewing pattern the heavy 
weight, which forms part of a horizontal pendulum with a period 
of say 40 seconds, is prevented from moving too far and perhaps 
breaking the instrument during a violent earthquake by stops ■ and 
it has been noticed that when owing to faulty adjustment the 
heavy weight is in conlict with one ot these the amplitude of the 
resulting record is greatly magnified I think the explanation is 
fairly simple. If the ground has a harmonic motion of total ampli¬ 
tude 2 a and frequency m the period being of the order of two 
seconds, then the maximum velocity will be am . Lei us suppose 
that this motion occurs only lor a lmieir/w which will he compar¬ 
able with one second We suppose as the simplest possible case 
that the stop and the weight, being initially in equilibrium, are then 
in contact, and that the stop, owing to the motion of the ground, 
suddenly starts away from the weight with velocity am on its 
return to the weight it will suddenly impart to it this velocity, and 
the ground then is supposed to come to rest The total amplitude 
2fc of the swing of the weight will be connected with its natural 
frequency n by the equation bn—am Thus the amplitude of the 
swing of the weight after being struck by the stop bears to what it 
would have been if the stop had not been there tlic ratio bja or 
m l n 3 which is comparable with 20 Of course in practice the motion 
is complicated by the motion of the column from which the instru¬ 
ment is suspended and by subsequent motion of the ground; but 
as a first approximation I regard the result as correct. The 
motion of the weight is magnified on the trace but the ratio of 
the amplitudes on the trace corresponding to contact with the 
stop and the normal adjustment is of course still bja . 




VI. Some Observations on Interference Pheno¬ 
mena In Non-Homogeneous Light. 


By Nihil Kirin Sethi. D.Sc, AuUtint Profcuor ot Phyilca 
In the Benares Hindu University. 
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Section I —Dispersion of White-light Fringes by a 
Retarding Plate. 

It u well known that when a thin plate of some transparent 
substance is introduced in the path of one of two interfering 
beams, e g. in Lloyd's single mirror experiment, the effect is to 
shift the interference fringes by n fringe-widths towards the path 

of the beam which is retarded, wheie «—(/* i)— and D is the 

thickness of the plate And in the case of illumination with 
white light also, in spite of the dispersion of the plate, the system 
of fringes appears to shift as a whole without any change m their 
number or appearance except that as found by Airy and Stokes, 
the central or achromatic band shifts to a slightly greater extent 
than might be expected from the foregoing expression. Its 
achromatism also does not remain as perfect as before the intro¬ 
duction of the plate. The present writer has, however, found a 
very simple but interesting case in which the introduction of a 
retarding plate completely abolishes the achromatic band and 
what is more increases the number of fringes observable With 
white light to a very considerable extent. And still more sur¬ 
prising is the fact that any attempt at partially monochromatic ing 
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the light by interposing coloured screens in its path actually 
diminishes instead of increasing the number of visible fringes. 

To perform the experiment, Lloyd’s fringes are first obtained 
in the usual manner and a microscope carefully focussed on them 
In front of the mirror M (Fig i) which forms these fringes is 
placed a cell c containing a mixture of carbon bisulphide and 
benzene, the composition of which has been adjusted till its 
refractive index is equal to that of the glass plate for the blue 
end of the spectrum The retarding plate P which is a plate of 
glass about a millimeter or two or even 5 mm 111 thickness is 
immersed in this cell in such a manner that one of the two 
interfering beams passes through it while the other passes 
through the liquid mixture only Further, the glass plate should 
be on the same side as the mirror producing the fringes When 
the position of this plate has been carefully adjusted by shifting 
the cell, a surprisingly large number of fringes will be observed in 
the field of view, and thev will all appear to be coloured Start¬ 



ing from near the edge of the plate (as seen in the microscope) 
the brighter fringes will be found to gradually change theit 
colour from red to orange, yellowish whitc J green and then blue 
The darker fringes which are only slightly weaker in intensity, 
will be found to have a colour more or less complementary to the 
neighbouring brighter fringes, except in the region in the middle 
of the field where the colours are hardly noticeable Seen 
through a red glass, the fringes towards the edge of the plate 
appear to gain in contrast but the rest of the fringes vanish 
altogether A yellow or green glass shifts the region of maximum 
visibility to about the middle of the field and a blue-violet glass 
makes the fringes at the other end distinctly better but completely 
destroys those towards the edge of the plate The width of these 
fringes is also not constant but decreases gradually from the ted 
side of the field towards the blue. 

The effect observed here is no doubt of the same nature as 
the shift of the achromatic band by a retarding plate discussed by 
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Airy and Stokes, differing from, it in that the magnitude of the 
shift in the present instance differs very largely for different 
groups in the spectrum. It has been shown by the late Lord 
Rayleigh 1 that the shifted position of this band is given by the 
relation 

when: D and /< are respectively the thickness and the refractive 
index of the plate and R is the relative jetardation due to other 
causes In the usual case, the introduction of the dispersion 

term A — involves only .1 small correction , for p -1 is relatively 

much larger and D cannot be increased to any great extent. In 
the present case, however, this relation becomes 

R+ | <<*-"'>-*($-£))" = '• ■ - (B) 

so that the effective value of the first term within the curled brac¬ 
kets has been greatly reduced throughout the spectrum and would 
actually vanish for the wave-length for which the refractive 
indices of the plate aud liquid are equal, while the second term 
depending on the difference of the dispersive powers remains 
finite throughout At the same time in the present case, the 
value of D has been considerably increased The result is that, 
while usually the regions ol maximum visibility in the field for 
different groups in the spectrum are more or less coincident, they 
will not be so with the present arrangement, for equation (B) is 
satisfied for different wave-lenghts at points in the field well 
separated from eacli other We thus have what might be called 
the dispersion of the achromatic band, the groups near the red end 
of the spectrum showing the fringes best near the edge of the plate 
and the groups near the blue end relatively far out in the field 
The observable fringes are thus spread out over a large extent 
and we have their number greatly increased. 

It is evident that the visibility of the fringes measured m 
terms of the total intensity of illumination in the bright and dark 
portions must suffer very considerably in this process, for in that 
part of the field where, for example, the fringes are best sten 


l Phil. Mag Sept 1904 and Scientific Papers, Vo] V, p 
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in red light, the rest of the spectrum must be producing a fairly 
strong and more or less uniform illumination. The colour of 
this uniform illumination will, however, be bluish and the visibili¬ 
ty resulting from the contrast of colour will be quite good for we 
shall have in juxtaposition two such widely different colours as 
red and bluish green 

Attention may also be drawn to the fact that the experiment 
described above may be very conveniently used to illustrate the 
fact that the shift of the region of best visibility is determined by 
the difference of group-velocity of light in the plate and the liquid 
and not by the difference of wave-velocity; for if the refractive 
index of the liquid mixture is adjusted to be equal to that of the 
glass plate for any specified part of the spectrum, say the green, 
we may have zero retardation for light of this colour, but the fringes 
are visible far out in tbe field and not near the edge of the plate. 
If, on the other hand, the refractive index of the liquid mixture is 
so adjusted that the group-velocity for red light is identical in the 
glass plate and the liquid, 1 the red fringes remain at the edge of the 
plate and do not shift out, although the glass has now a decidedly 
greater refractive index than the liquid and hence retards the 
waves. As the refractive index of the liquid is gradually altered, 
the side on which the plate should be introduced in order to 
enable the shifted fringes to be observed with Lloyd's mirror, does 
not require to be changed at the stage at which the wave-velocities 
in the two media are equal but as in the case of Powell's bands, 
at the stage when the group-velocities are identical. 

It seems probable that the large increase in the number of 
white-light fringes in at interferometer and their breaking up 
into groups observed by R, W Wood 1 on introducing sodium 
vapour into the path of one of the beams is essentially of 
the same nature as the phenomenon described above. In Wood’s 
experiment, as in the present case, the term/* — i is small and 
dh 

becomes relatively much Larger specially m the neighbour¬ 
hood of the sodium absorption band The achromatic fringe u, 

1 8m i paper by the present author on 11 Powell's bands and the G roup- value - 
ly of light in dispersive media," Phy Rev. Dec. 1930, p 519 

• PhiL Vag Sept 1904, and Wood’s Physical Optica, second edition, p 141. 
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therefore, dispersed over a considerable part of the field and 
in opposite directions on the two sides of the sodium line re¬ 
sulting in the visible fringes breaking up into groups and in 
an increase of their number The latter effect is not fully 
explained in Wood's paper and in the appendix to it by the 
late Lord Rayleigh. 

A similar increase in the number of fringes should also 
be observed on introducing a moderately thick plane-parallel 
glass plate in the path of one of the interfering beams in a 
Michelson Interferometer, and adjusting the moveable mirror 
to bring back the white-light fringes In this case much greater 
thickness of the glass plate can be used than in the experiment 

with Lloyd’s fringes, and although * — is small in comparison 

dk 

with — 1 of equation (i4) above, the increased thickness of the 
glass plate causes the separation of the different groups of waves 
If I is the distance through which the moveable mirror is shifted, 
it is evident that the maximum visibility for a group of waves 
with wave-length \ will be obtained when 

If t, and t, are the values of t for red and violet groups respec 
lively. 

And if n - A +- , 

‘■-‘■= 3*0 !£-£} 

With D—*i c.m and 5110 this will give * 003 cm 

approximately This is equivalent to 

a* 003 1 *.L. 

-— — 100 wave-lengths. 

6 * 10 

So that in this case about a hundred fringes should be visible. It 
to also evident that they will exhibit the same colour-sequence and 
the same variation in width as in the case of Lloyd’s fringes dealt 
with above. Unfortunately, however, for want of a plane-parallel 
(lass plate of suitable thickness, the writer has not yet been in a 
position to verify this result 
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Section II — Dispersion of White-ught Fringes in 
a Wedge-shaped Pi,ate by observation 
through a Prism. 

The peculiar dispersion of the achromatic band described in 
the previous section led the writer to carefully examine whether 
the same phenomenon is not taking place in the case when 1 he 
white-light interference fringes formed by reflection from a ‘ thin 
plate ’ are viewed through a prism Newton had found that in 
this case, not only do the fringes appear in that part of the field 
where without the prism mutual overlapping of the different colours 
had produced uniform illumination but that their number is great¬ 
ly enhanced and he sometimes estimated this to be more than a 
hundred 1 The formation of these visible bands at unusually large 
thicknesses of the plate is easily understood, for it depends indeed 
upon precisely the same principles as the shift of the achromatic 
band produced by a retarding plate But the explanation of the 
increased number is not so obvious, more specially m the case of a 
thin plate bounded by plane surfaces inclined to one another at a 
small angle Referring to this wedge-shaped plate, the late hoid 
Rayleigh remarks* that even when viewed through a prism, the 
succession of colours in white light and the number of perceptible 
bands should remain much as usual, because unless the fringe-width 
changes from place to place, no relative shifts of the various 
colours can anywhere make the widths of the bands the same for all 
parts of the spectrum—a condition absolutely necessary for the 
formation of a truly achromatic system of fringes He, therefore 
attributes this phenomenon observed by Newton to the curvature 
of the surfaces of the plate and the consequent non-uniformity 
of the angle between them 

But it would appear from the experiments described be¬ 
low that this view of the case is hardly satisfactory, for even 
in the case of a wedge bounded by the plane surfaces of two 
interferometer plates, we do actually observe a considerable 
increase in the number of fringes Although there is no particular 
difficulty in seeing these fringes m the usual manner, it is much 
more convenient to mount the wedge at the focus of a collimating 


1 See quotation on page 311, Rayleigh's 9 c Papers, Vol III 
* Scientific Papers, Vol III, p. 313. 
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lens and to view the fringes by means of a telescope The 
prism is placed in front of the telescope and by the suitably 
adjusting the inclination of the prism and the focus of the 
telescope, a large number of fringes are brought into the field 
of view The refracting edge of the prism should be towards 
the thicker side of the plate. 

It must be admitted that these fringes do not by any 
means constitute a completely achromatic system of bands and 
perhaps Lord Rayleigh may be quite right in denying the exist¬ 
ence of such a system in the case of a true wedge 1 But all 
the same, there is in the present case a real increase in the 
number of perceptible fringes. The colour distribution was found 
to be exactly similar to what has been described in the case consi¬ 
dered m the previous section and it was evident that here also 
there must be the same dispersion of the achromatic hand The 
width of the bands too, was not uniform and as was expected it 
decreased slowly from the red to the blue side 

To test the matter furthei, the slit of a direct vision spectro¬ 
scope was placed at the focus of the observing telescope and 
the spectrum of the successive bands was examined. It was 
found to be crossed by numerous dark bands except for a narrow 
region free from bands on either side of which the dark bands 
gradually crowded in on each other This region in the spectrum 
accordingly represents a group foi which the visibility of the 
fringes is best in the part of the field under observation As 
the spectroscope was moved along the bands, it was found that the 
position of this group slowly shifted from one end of the spectrum 
to the othei But probably a better idea of this is obtained when 
the spectroscope is turned round and its slit placed across the 
bands. We have in this case the various spectra of the successive 
bands arranged side by side and a series of beautiful curved bands 
appear in the spectrum, by observation of which it becomes 
evident at once that the region m the field at which the fringes are 
stationary and the visibility is accordingly best, is different for 
different groups in the spectrum. 

That the region of best visibility of the fringes is dispersed to 

1 Reference may be made to the investigation of Mascart (Trait* da Optique | 
Tome I, p 4 ^2) The change in the apparent width of the fringes seen through the 
prism Is a factor to be also taken into consideration 



44 


N K Sethi 


different parts of the field can be easily seen on investigating the 
effect of the prism by exactly the same method as used by Ray¬ 
leigh 1 in the case of a plate with cylindrical surfaces. If we 
choose the point of contact as the origin of % ( the thickness of the 
wedge may be taken to be 

t — bx 


where b depends on the inclination of the surfaces 
the order for wave-length A occurs when 


\n^—bx 


or 



So that 


dx n 


The black of 


The fi u band formed actually at x is seen displaced under the 
action of the prism. The amount of the linear displacement z is 
proportional to the distance D at which the prism is held, so that 
we may take approximately 


0 representing the dispersive power of the pnsm. The condition 
that then" band is stationary for small variations of is accord- 

«giy 

dk 

1£ T^ d 

or < = 2 b/ 3 D 


. Now,in the case oi a prism taking Cauchy’s law of dispersion, 
$ is proportional to x \ so that we can put 

AbMD 

n= \T~ 

. 2 MD 

and consequently, 

It is thus seen that the region ot best visibility of the fringes 
is different for different portions of the spectrum; for example, if 


1 Scientific Papers, VoJ V, p 417. 
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for red light in any case n—20, the value of m would be 160 for 
the violet and we should be able to see about a hundred fringes. 

An objection might be raised that all the fringes obtained in 
the above manner are coloured whereas according to Newton, 
where they seemed most distinct, the bands were only black and 
white successively without any other colours intermixed, though, 
mother places, they were undoubtedly coloured. But there is no 
real difficulty in explaining this apparent contradiction, if we 
remember that where they seem most distinct, the achromatisation 
has takeu place (or the brightest central portion (greenish yellow) 
of the spectrum. The colour of the rest of spectrum which forms 
a back-ground of uniform illumination for these fringes is not 
different from the colour of the maxima and what the eye perceives 
in this part of the field is merely the fluctuation of the intensity. 
In this connection it may be useful to recall the observation of 
Lord Rayleigh with reference to the achromatisation of Lloyd* s 
fringes by a prism for the yellow-green part of the spectrum, where 
he says, r< It is remarkable that so little colour should be apparent, 
on direct inspection of the bands'* “ It would seem," he adds, 
“that the eye is but little sensitive to colours thus presented, 
perhaps on account of its own want of achromatism 1 

III.— Summary. 

i. When a retarding plate is introduced in the path of one of 
two interfering beams, e.g. in Lloyd’s experiment, the interference 
fringes formed in white light usually appear to shift as a whole 
without any change in their number or appearance, except that for 
the central or achromatic band the shift is slightly greater. If, 
however, the retarding plate is one of glass immersed in a liquid of 
nearly equal refractive index, these fringes are found to increase 
considerably in number and any attempt at partially monochroma 
tlsing the light by interposing coloured screens actually reduces in¬ 
stead of increasing this number There is left no band which may 
even approximately be described as central and the width of the 
fringes too is not constant but varies continuously from one end 
of the field to the other. This is shown to be due to what may be 
called the dispersion of the achromatic band which causes different 


1 Rayleigh, Scl. Papers, VoL III, p 30a 
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groups of waves in the spectrum to produce the maximum visibility 
of the fringes in different parts of the field 

It is also probable that the increase in the number of white 
light fringes observed by Wood on introduction of sodium vapour 
into the path of one of the beams and which does not appear to 
have been explained, is also caused by a similar dispersion 

2 Newton had observed that the number of white-light 
fringes seen in a thin plate is considerably increased by viewing 
them through a prism. This phenomenon was explained by the 
late Lord Rayleigh as being due to the formation of an achromatic 
system of fringes, the necessary condition for which being that the 
thin plate should be bounded by curved surfaces And according 
to him, this phenomenon could not be expected in a truly wedge- 
shaped plate The present writer has, however, actually observed 
it even in the case of a plate of air formed between two interfero¬ 
meter plates, and has shown that an achromatic system of fringes 
is not needed to explain Newton’s observations The dispersion 
of white-light fringes referred to above is sufficient is this case as 
well, not only to explain the enhanced number of fringes but also 
to give a colour distribution which appears to correspond almost 
exactly with Newton’s observation. 

3 It is to be noted that both the cases dealt with in this 
paper serve to emphasise and illustrate the point of view from 
which interference phenomena in non-homegenons light ought to be 
regarded and on which Schuster rightly laid so much stress That 
considerable simplicity is gained by thinking in terms of the groups 
of waves and of the grow/>-velocity is perhaps best illustrated by 
the fact that in the case of the retarding plate discussed, the enor¬ 
mous shift of the fringes at the stage of equality of refractive in¬ 
dices of the plate and of the liquid, and the zero shift at a different 
stage do not require elaborate explanations and it follows as a 
matter of course that the shift ought to be zero at the stage of 
equality of group-velocities 

The writer has much pleasure m expressing his best thanks to 
Prof C. V Raman for his valuable suggestions in the course of the 
work. 

Calcutta, 

The 2ist March, 1921. 



VII. On the Beating Tones of Singing Flames. 


By Durgadu Banerjl, M.Sc., Demonatrator in Physics 
University College of Science, Calcutta. 


(Plates II and III) 

I —Introduction 

The maintenance of steady vibrations of the air-column in a 
cylindrical tube by the intermittent supply of heat in the well- 
known experiments with ‘Singing dames’ has been the subject of 
several enquiries from the earliest times by Chladm, Faraday, 
Tyndall and Sondhauss I«ord Rayleigh 1 has given a theory 
which is sufficient in a general way to explain the experimental 
facts formulated by Sondhauss. 1 Coming to the more recent work 
on the subject, it appears that the phenomena of singing flames are 
not so simple as might be supposed from the works of the early in¬ 
vestigators Wurschmidt 8 has studied both theoretically and ex¬ 
perimentally the notes produced in the singing tube The main 
conclusions arrived at in his paper are that the notes emitted are 
not those which might have been produced by the surrounding 
tube treated as a pipe open at both ends, and that the frequency 
of the various notes depends upon the length of the flame and its 
position in the tube, conditioned by the unequal distribution of 
temperature in different parts of the tube. G. AtheiiQsiadis* has 
described a singing flame which gives out several sounds simulta¬ 
neously and specially a flame which responds to two tones, one 
proper to that of the jet and the other depending on the tube used 
to enclose it. At this stage of double-sound he appears to have 


1 Scientific Papers, Vol. I, p 350 Vide alio Barton's Sound, 1914, p 351 
1 Po 8B Ann. 109, p 426. * Verb Deutch Pbydk Gesselscheft, 1916, p 444 

* Ceuptea Rendu 146, 1908, pp. 533-334 



48 D. Banerji 

observed a decrease in the flame as the result of reinforcement of 
sound proper to the tube. 

While working on this line, the vibrations of the singing flame 
have been observed to present a novel appearance when the flame 
length is so adjusted as to be intermediate between the stages 
when the fundamental of the tube on one side and the first over¬ 
tone on the other are most prominently brought out This and 
the effect of different lengths of the flame on the nature of th« 
maintained motion have been overlooked by Athenesiadis although 
the conditions of his experiment as regards the orifice and the tube 
seem to be indentical with that used by the author The most 
striking effect is the peculiar throbbing appearance of the flame 
and the rythmic variation in the intensity of the note emitted at 
thin stage. The subject of the present paper is a study of some of 
the peculiarities of this form of vibration of the singing flame which 
gives rise to beating tones 

Recently I have secured an extensive series of photographs of 
the flame, so as to bring out the rythmic variations in the form of 
its vibration as well as the different phases in the motion of the 
components of the flame, under varying conditions of pressure and 
flame length, some of which are reproduced in Plates II and III 
The coal-gas flame which shows the features more beautifully, 
being not sufficiently actinic, acetylene gas was used instead and 
gave satisfactory results but for the accumulation of carbon on the 
nozzle liberated by the burning of the gas which altered to some 
extent the character of the vibration when the accumulation was too 
great This was avoided by occasional breaking off a portion of 
the tip of the nozzle tube so as to leave a clean bore every time 
The photographs reproduced in the paper were taken with a Zeiss 
lens of focal length 5 cm on moving photographic plates 

II — Experimental Method and Results 

A glass tube about a metre long and 2 cms. in internal diame¬ 
ter is fastened vertically on a stand so that its lower end is at a 
sufficient height above the table. One end of a glass tube j cm. 
in internal diameter and 20 cms. long is drawn out to a fine jet of 
diameter 1 mm. at the end and the tube is connected to an air 
tight bottle by a rubber tube and a bent glass tube fitting into the 
cork at the mouth of the bottle. The bottle is kept in connection 
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with the gas tap, so that by adjusting the tap the amount of gas 
supplied to the flame can be regulated The flame, being lighted, 
is introduced into the wider glass tube from below so that it is 
about i/io of its way up the tube, when it begins to sing. 

The Fundamental and the Octave in the Vibration. 

On introducing the flame (which to begin with, may have a 
convenient length of about 2 cms ) into the tube, the flame takes 
up a symmetrical appearance and emits the fundamental of the 
tube nearly free from overtones at a height about 1/13 of the tube 
That the tone emitted here is the fundamental of the open tube 
on the assumed mode of stationary vibration with a node at the 
middle, has been verified with a sonometer tuned to a known pitch, 
e.g it has been calculated that whereas the fundamental frequen¬ 
cy for the particular tube used is 127, the pitch actually found is 
125 

On reducing the flame slightly the higher harmonics are emit¬ 
ted along with the fundamental and can be heard with the unaid¬ 
ed ear This is shewn in the flame picture (Fig I, Plate II) in 
which the presence of the fundamental and the octave is clear. 
On very slightly reducing the flame length, the beating tone cor¬ 
responding to the throbbing stage of the flame appears. This is 
described more fully below. 

Reducing the gas supply still further, the flame for a moment 
becomes silent and then the octave alone bursts out with a sym¬ 
metrical non-lummous flame, the corresponding pitch lying at 
about 254 

The Throbbing Stage. 

In the throbbing stage of the flame, which comes in under 
conditions described above, the steady vibration of the flame is re¬ 
placed by a throbbing with beats in which the audible and the 
visible effects keep exact time The nature of the flame undergoes 
profound modification, for the single flame corresponding to the 
previous stage becomes double in some cases and triple in 
others, of which each component is in up and down motion rela. 
tive to the others. On examining with a revolving mirror, cycli¬ 
cal variations in the amplitude of the different constituent parts 
of the flame are clearly observable, which are reproduced in Plates 
II. and III, Figs. 4 and 5 (Plate II)—shew the vibrations of a 
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long flame with three components, the middle component being in 
phase with the primary The constant periodicity of the beats is 
very marked ia Fig 5 (Plate II) 

Fig 3, Plate II—shews the double flame, the beating octave 
being shewn by the smaller flame at the bottom, which waxes and 
wanes at epochs as shown also in Figs 7 and 8 (Plate III) Fig, 8, 
Plate III, shews a small flame exhibiting the same effect; one 
cycle and halves of two following one after another Fig 2, Plate 
II and Fig 6, Plate III, shew the nature of beats shewn by a 
small flame in which the octave is powerfully maintained 

The Overtones 

The fundamental tone given out at this stage 15 accompanied 
by a senes of overtones of which the lust four can be clearly heard. 
By suitable adjustment of the pressure and the length of the flame, 
higher harmonics of the motion of the flame and the tube can be 
brought into prominence, and the throbbing character of the flame 
can be made more complex than that indicated above, e g 3 it has 
been noticed that with a flame 4 cms. long, the component with the 
smallest amplitude bends at its top towards the side of the tube, 
while it is exhibiting the cyclical variation in its amplitude Again 
in the case of very small flames, exhibiting the effect, the top of 
the flame visibly quivers, while the lower part remains almost 
steady It is worthy of remark here, that the beating tone is re¬ 
placed by a steady flame without the cyclical variation of inten¬ 
sity, if the amount of gas supplied to the flame be slightly reduced 
or increased, the octave being strong in the former case and the 
fundamental in the latter 

Effect of position of flame in the tube . 

The general effect of raising up the flame in the tube while 
flinging is to bring in the higher harmonics, till the characteristic 
throbbing flame is obtained O11 further raising, the flame goes 
out when it is about 1/7 of its way up the tube There is a lower 
limit of the position of the flame below uhich no singing can be 
obtained. This is about 9 cms 111 the case of a tube 130 cms. long. 

Analysis of the note by means of resonators 
It is of interest to examine whit particular tones lntheflouud 
given out by the throbbing flame are shewing the cyclical variation 
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attendant upon the sensation of beating produced. This point 
has been carefully examined in the case of the gas flame with 
the Helmholtz resonators, which shew that the principal fluctua¬ 
tions in the motion are in the amplitude of the second harmonic 
while the sound is of a highly compound character The funda¬ 
mental which is feeble is not fluctuating and so also is the third 
harmonic The fourth harmonic is found to fluctuate with a 
periodicity of that of the second, which in one particular case was 
1/6 of 11 second. 

III.— Summary and Conclusion. 

Cyclical forms of vibration in the singing flame which are 
produced by adjustment of the flame length, so as to be intermedi¬ 
ate between the stages when the fundamental on one side, and the 
octave of the motion on the other, are strongly brought out, have 
been experimentally studied and photographed The visible effect 
of this form of vibration is the throbbing motion of the flame 
accompanied by beats in the octave The phenomenon is deter¬ 
mined mainly by the size of the flame (as determined by the 
quantity of gas supplied) and its position in the tube 

The experimental investigation was carried out in the Univer¬ 
sity College of Science at the suggestion of Prof. C. V Raman to 
whom the author wishes to express his best thanks for many 
valuable criticisms 111 the progress of the work 


54 


P. N Ghosh 


water. They appeared to be of hyperbolic form, the bowa lying 
successively within each other The two inner ones had the 
same colour sequence, that is red without and violet within, while 
the thud which is the faintest of the three, bad the opposite 
colourse quence. All three of them lay along the same axis 

The remarkable feature about the bows which was noticed 
was that as the sun gradually rose, the positions of the bows 
were continually changing, the innermost one gradually receding 
further and further away from the middle bow Further, the 
further arms of the hyperbolae got gradually closer and closer 
till after some time it was difficult to decide whether these figures 
were parabolae or hyperbolae. 

On searching through tlie literature of the subject I found, 
the mention of a double horizontal bow of similar form by 
J. Dechant in the Proc of Vienna Academy for June 1910 
The geometry of the form of the primary horizontal bow has 
been worked out by Otobe in the Tokyo Proceedings, 1917 
I shall endeavour here to explain the form of the other two bows 
and the other phenomena which appear along with it. Now 
regarding the cause of the phenomenon, I noticed that glistening 
dew drops were floating on the surface of the water, most 
probably on an oily and sooty layer on the surface of the water. 
It is the individual particles of soot which apparently served as 
condensation nucleii for the dew as the temperature gradually 
diminished during the night I have tried to notice the pheno¬ 
menon in other tanks in the maidan but though every one of 
them showed it to a certain extent, none showed it so well as the 
tank I have mentioned just now. My colleague and friend 
Mr. Satyendra Nath Bose also saw just a coloured band of light 
on the College Square tank, p r obnbly a portion of one arm of a 
hyperbola. The portion of the water surface lying between the 
primary and the secondary was remarkably dark and on careful 
observation, 3 to 4 bands of varying intensity could be seen inside 
the primary bow. These are the so-called supernumerary bows, 
explained by the theory of Airy 

Regarding the inneimost bow, having the colour sequence 
same as that of the primary, it is to be remarked that it is 
much brighter than the secondary but less bright than the primary. 
The geometrical theory of the rainbow is very well known as 
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due to tbe twice refracted and internally reflected beam of light 
from the water drops 
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D = 2 (1 - r) + » - 2r 
D —2 (i-r) + n 


The angle of incidence of the rays which suffer minimum deviation 
is given by 



z^ + i 
»' + 2M 


taking n ■ 3 

n Red Violet 
' 1 w—42® 1 ir-4023 
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hence the primary bow marks an angle of 


Violet Red 

4t° 43° 

end the secondary bow 

Red Violet 

5i" 34* 


with the direction of the source The innermost bow, as has been 
noticed by J. Dechant is due to the rays of sun getting inside the 
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plate of twice the thickness A similar result should be true for 
any crystal cut symmetrically with respect to the optic axis. 

As an additional illustration of the theory of Haidinger's 
rings in crystals, the writer has recently studied the form of the 
Haidinger's rings m parallel plates of quartz. Three plates (each 
5 mm thick) accurately figured by Messrs Adam Hilger were 
secured of which one was cut perpendicular to the optic axis, one 
parallel to it and one at an angle of 45 0 For the present, obser¬ 
vations have been made with the first two plates only. The Haid- 
mger’s rings as seen by the reflected light of a Cooper-Hewitt 
mercury-vapour lamp in the plates cut pirallel and perpendicular 
to the axis respectively showed a remarkable difference In the 
latter case, the rings were very clearly seen, in the former case, 
they were in general very confused Further, when the usual 
arrangement of holding a glass plate at an angle of 45 0 above 
the crystal for observing the rings by reflection was adopted, it 
was found that m the case of the quartz cut perpendicular to 
the axis, rotating it in its own plane produced no effect on the 
rings, whereas in the case of that cut parallel to the axis, the 
rings were very clearly seen in four positions of the crystal and 
were extremely confused in the four intermediate positions The 
reason for this becomes evident on remembering that the light is 
polarised by reflexion at the glass plate held at 4 b°- It was found 
in fact, that the angular positions of the rings were different 
when the optic axis lies in and at right angles respectively to the 
plane of incidence of the glass plate In these positions, the lings 
were clearest, and in the intermediate positions, the confusion 
was a maximum. 

The plates were then silvered on both sides and the Haid- 
inger’s rings observed by directly transmitted light In this way, 
sharp rings similar to those observed with a Fabry-Perot etalon 
may be observed. The satellites of the green mercury lines could 
be easily seen, and there was a great difference in the phenomena 
observed with glass and quartz mercury vapour lamps respectively. 

With the quartz plate cut perpendicular to the axis, only 
one set of rings was seen near the centre of the field, but at a 
greater angular distance from the centre of the field the bifurca¬ 
tion of the rings due to the double refraction in the quartz could 
be distinguished. It is, of course, well-known that quartz is an 
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Fig 4 

Fdbry Perot Rings In Quartz 
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optically active crystal and that a plane-polarised ray entering 
along the axis divides up into two circularly polarised rays travel¬ 
ling with two different velocities It may therefore seem at first 
sight be surprising that even very near the direction of the optic 
axis, the rings do not show a bifurcation. It must be remem¬ 
bered however that one of the interfering rays has to pass twice 
through the crystal in opposite directions and hence the emer¬ 
gent ray is polarised in the same way as the incident light, and 
we get only one set of rings 

With the silvered quartz-plate cut parallel to the axis, two 
sets of rings are seen throughout the field. They are widest apart 
along a system of hyperbolic arcs which are evidently identical 
with the form of the isochromatic lines in polarised light of a 
plate of twice the thickness The rings are therefore least clear¬ 
ly seen along these hyperbolic arcs 

Photographs of the Fabry-Perot rings in the silvered quartz- 
plates are reproduced as Figs. 3 and 4 m Plate IV The form of 
the hyperbolic arcs of minimum visibility of the rings is indicated 
in Fig 4. The great difference of the clearness of the rings in 
the two plates, due to their doubling in the latter can be clear¬ 
ly seen from the reproductions 

Further investigation of the subject, especially with the ob¬ 
liquely cut plate appears desirable. In this connection reference 
may be made to a paper on the Quartz Luinmer-Gehrcke Plate 
by Takamine in the Proceedings of the Tokyo Physico-Mathe- 
matical Society, Vol. 8, page, 296, 1915- 
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I —Introduction. 

When a distant source of white light is viewed by reflection 
at a sheet of mica of which the front surface is covered by a thin 
translucent film, the image of the source appears surrounded by 
gorgeously-coloured rings, the intensity of which is greatly enhanced 
by silvering the rear surface of the mica. The phenomenon is of 
the same nature as the well-known diffusion rings or Quetelet’s 
rings exhibited by a dimmed mirror, but the use of the mica for 
the experiment gives rise, as has been pointed out in a recent 
paper 1 by Prof. C. V, Raman and Mr. G L Datta, to certain very 
interesting effects. If a fairly thin sheet of mica be employed, the 
rings are very broad and at the same time well-defined, and this 
makes it possible to easily observe them even when the light is 
Incident on the sheet at large obliquities, and thus successfully to 
verify an effect which Stokes 1 had predicted fiom theory, but was 
‘ himself unable to notice, namely that the Quetelet's rings observed' 
p,t increasing angles of emergence at first become narrower and 
, narrower, but widen again after reaching a minimum width and 

' 'l.n,..—- 

J 1 PhlflUg- XLH, Nortmbw igji. 

{ tjJtttiMaSttnl and Physical paperi, Vet III, pp. 1 ; j-n6. 
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become very broad at grazing emergence. But apart from this, the 
specially interesting feature of the Quetelet's rings in mica is their 
composite character which arises from the doubly-refracting pro¬ 
perty of the plate The coloured rings are not uniformly visible 
over the whole field of observation, but show regions of maximum 
visibility separated by curved loci of minimum visibility along 
which the rings appear discontinuous or dislocated, the bright nngs 
on one side of a line of minimum visibility appearing to run into 
dark rings on the other side and vice-versa The phenomenon is 
somewhat analogous to that described in regard to Haidinger's 
rings m mica by Chinraayanaiidam 1 but differs from it in that in 
the present case it is not necessaiy to use highly monochromatic 
light to observe the phenomenon and further that it vanes as the 
angle of incidence of the light is altered The present investiga¬ 
tion was undertaken at the suggestion of Prof Raman in order to 
study the phenomenon more closely and to put forward a theoreti¬ 
cal explanation 

II —Obskrvaiions in Ordinary Light 

Though Quetelet's rings can be seen with white light, it is of 
advantage to use approximately monochromatic light so that the 
field over which the rings are distinct may be as large as possible 
The observations described in the present paper were made with 
sunlight, the region of spectrum made use of being, however, 
considerably restricted with the aid of a monochromator. The 
mica employed was of the muscovite variety with an apparent 
angle of about 70° between the optic axes, and the back surface 
of this was heavily silvered This resulted in greatly enhanced 
brilliancy of the rings and made it possible to observe them at 
much larger angles of scattering For the scattering film, a thin 
film of ammonium chloride deposited by volatilization has been 
used throughout. 

Under these conditions, by working in a darkened room and 
properly shielding the eye from extraneous light, it is possible to 
observe as many as 70 or 80 rings, and the lines of minimum visi¬ 
bility can be seen even at normal incidence. The appearance of 
the lmes in this case is similar to that of Haidinger's rings and is 
indicated in Fig 5. 


Proceedings of the Royal Society A, Vol. 9$, 191 



Oh Quetelet's Rings m Mica. 


63 


The rings themselves are nearly circular or elliptical and the 
lines of minimum visibility possess approximately the shape of 
hyperbolae There are also, as m Haidinger's rings two series of 
these curves with their axes nearly at right angles to each other 
and respectively parallel and perpendicular to the plane containing 
the optic axes. These are fixed relatively to the mica and rotate 
unchanged in position with respect to the centre of the ring system 
as the crystal is rotated in its own plane And as in Haidinger’s 
rings, the general form of these curves also does not vary much 
with the wave-length of the light or the thickness of the crystal, 
but their actual dimensions and position depend upon both It 
may be noted, however, that the positions of these curves are not 



always indentical with those of the corresponding curves in Haid¬ 
inger’s rings observed in the same plate with light of the same 
wave-length. 

But when the light is made to fall obliquely on the plate 
and the reflected image of the source does not coincide with the 
centre of the ring system, the above-mentioned fixity of the curves 
with respect to the mica disappears, and as the mica is rotated 
not only do they change in position but they also appear to grow 
or diminish in size Yet their axes always remain fixed in the 
same directions as in the case of normal incidence 

The most interesting and striking facts are, however, revealed, 
when the incidence is such that the regularly-refracted rays nearly 
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coincide with the direction of an optic axis When this coincidence 
is exact, the curves of dislocation no longer all have the form of 
hyperbolae but some of them are closed curves surrounding the 
direction of the optic axis, and the reflected image of the source. 
Pig. i in Plate V corresponds to this position. Though it does not 
include the entire field of view as seen with the eye, two complete 
closed curves will be seen there, together with a third curve which 
is not dosed. It will be noticed that these strongly resemble 
the isochromatic curves seen in biaxial crystals in convergent 
polarised light. 

If now, the direction of incidence is gradually altered, as for 
example by slowly rotating the mica in its own plane these curves 
appear to increase in size and alter their form till they assume 



the curious appearance shown in Fig 2 m Plate V, and represented 
in Fig. 6 (6), by full line, Fig 6 (a) represents the previous case. 

We still find closed curves but they are now crossed by an 
additional line of dislocation, more or less straight in form, and 
the visibility of the rings is bad in considerable regions round the 
crossings. On a further change in the direction of incidence the 
original form of closed curves is restored, but the reflected image 
of the source, S, is no longer at their centre. The same appear¬ 
ances repeat periodically as the change in the direction of inci¬ 
dence is continued 

Fig 3 in Plate VI shows the curves obtained when the plane 
of incidence is nearly perpendicular to the plane containing the 
optic axes 
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On Qustetei's Rings in Mica. 

Ill,— Explanation of the Phenomena, 

According to the theory put forward by Stokes, 1 Itommel* 
and Exner, 1 the interferences in Quelelet's rings in the case of 
isotropic media like glass and air are due to the two sets of rays 
diffracted at the dimmed surface, in one case at entry and in the 
other case at emergence, namely the scattered-transmitted and the 
' transmitted-scattered rays In this simple case only a single system 
of circular rings is obtained. 

In the case of doubly-ref 1 acting substances like mica, how¬ 
ever, instead of a single transmitted-scattered and a scattered* 
transmitted ray, there will correspond to a given direction of 
scattering two rays of each set as represented diagramatically 
in Fig. 7 



In this figure, there are two transmitted-scattered rays along 
OA\ and PB and QC are the two scattered-transmitted rays. 
And each of these is polarised. According to the well-known 
Fresnel-Arago laws of interference of polarised light, interference 
between two or more rays of polarised light is possible only when 
all these rays are derived from the same polarised beam het 
us therefore resolve the incident unpolarised beam into two 
components polarised in the principal directions. Each one of 
these components will give rise to rays capable of interfering with 
each other bat not with the rays derived from the other com¬ 
ponent. We should therefore consider them separately. 

Taking first one of these components only we get a single 

1 Lot. eiu 

• Abb. der Pby. Vol VIII, p 193 (1879). 

I M twin ga b arichte of tbc Vienna Academy, XC, p 837 (1884) and Ann der 
Phy, Vot. IX, p 339 (1880). 
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transmitted-scattered ray along OA together with scattered- 
transmitted rays both along PB and QC The vibrations in the rays 
PB and QC are perpendicular to each other, but neither of these 
is in general parallel to the vibration in 0 A t which may, however, 
be further resolved into two perpendicular components parallel 
respectively to the vibrations in PB and QC. One component 
will then interfere with PB and the other with QC, giving us the 

two systems of rings 

(a) S, — 2t {fi 0 cos r — ja cos 6) 


and 


(6) 8* = 2 1 (/i 0 cos r — / cos 0 r ) 


where t is the thickness of the mica, r, 0 and 0' aie the 
angles indicated in Fig 7, and r ni p and h' arc the refractive in¬ 
dices along the directions corresponding to the rays CM, PB and QC 
respectively As the acute bisectrix of the angle between the 
optic axes is very nearly normal to the surface of mica, the refrac¬ 
tive index is the same after reflection as before it. These systems 
of rings, it may be noted, are polarised in perpendicular planes 
and consequently are independent of each other. 

The other component of the incident light will similarly give 
rise to two more systems of rings 

(c) 8 3 = 2< (ji 0 ' cos r'-fi cos 0) 

and 

(d) 8* = 2 t (ft Q ' cos r' - p! cos 0') 

The rays which produce these rings (c) and ( d ) being incapable 
of interfering with those which produce (a) and (6), we have now 
not one system of rings as in isotropic media, not even two as in 
Haidinger's rings in a doubly-refracting crystal but actually four 
absolutely independent systems of rings 

Following Chinmayanandam’s method, it can be easily shown 
that when 0 and 0' are not large, these rings are all elliptical in 
form, the equation of nth order rings being respectively 

(а) eV + aV= A { "o* “ cos 0* } 

(б) 6'** +—(nX-2«/i 0 cos r)‘ | 

(c) cV + «y=A | (nX - 2</i' 0 cos r')* J 

(i) b l x % + c’y* = k ^ u 0 * — (»\— 2t/ n cos r')* | 



On QueUlet's Rtttgs in Mica 


67 


where a, b, c , are the principal velocities m the mica, v 0 is 
the velocity 111 air and k is a constant, depending on the distance 
of the eye from the mica. It will be seen that the rings (a) and 
(c) are similar ellipses with their major axis lying in the plane of 
the optic axes, while rings (6) and ( d j are also similar ellipses but 
with their major axis in the perpendicular direction 

The visibility of these rings will be minimum wherever the 
maxima due to any one system coincide with the minima due to 
any other There are thus six possible curves of minimum visibility 
given by the following equations — 


8,-Si=2<0*' cos 8'-n cos 0) = ( 2 « + 1 ) - . . . . . (i) 

2 

X ^ 

8 s -S 4 =2/(/*'COS fl' —cos fl) = (2M + l) - . . . .( 2 ) 

2 

S|-S t =2*£(fi n coa cos r')-(n cos 0-/t' cos 6 ')^ =(2n f l)^ (3) 

Sj-S, = 2* | cos r — ft'n cos r') + (« cos 0-// cos 0 ) = (2« + 1) * .(4) 

8,-S 3 *2<(mo cos r-/*' 0 cos r') = (211 + 1)^ (5) 


8,-84 = 2^ 0 cos r 


n cos r') = (2» + 1) - . 

2 


( 6 ) 


It will be easily seen, however, that as equations (5) and (6) 
do not involve 9 or O' they do not represent any curves of mini¬ 
mum visibility They are due to rings which are similar ellipses 
and only signify that the rings (a) and (c) as well as ( b) and (d) 
are out of step in the whole field for certain directions of inci¬ 
dence. This would have altogether spoiled the visibility of the 
rings throughout the field, but for the fact that the rings (a) and 
(c) as well as (ft) and (i) are not, in general, equally intense as will 
be shown further on 

Curves (1) and (2) are identical and can easily be seen to 
be the isochromatic curves observed in convergent polarised light 
for a plate of thickness 2 1 These are also indentical with the 

curves observed in Haidmger’s rings in the same plate 
Equations (3) and (4) can be re-wntten as 

zt (/ cos O' — cos 0 ) = (an + 1)^ - 2 1 (r 0 cos r - /<„' cos r') 

= {2*+ 1)*-A say 
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and 

2 1 (// COS 6'-/I COS tf) = — | (2« + l)"A| 

which shows that curves (3) and (4) are also identical These 
too are lemniscates whose poles are identical with those of the iso- 
chromatic curves referred to above, though, ordinarily, they differ 
in position from them. 

To sum up, we are left in general with two sets of curves of 
minimum visibility of which the first is independent of the direc¬ 
tion of incidence and is fixed relatively to the crystal and the 
second varies in position with the direction of the incident light 
on account of the constant ' k ’ involved in their equations. We 
migftt call these the ' fixed ’ and the ' variable ’ sets respectively. 
For directions of incidence for which the two systems 

coincide, while for the directions ft«-(2 »+i)-, the curves of 

one system foil midway between those of the other. In conse¬ 
quence of this, the two systems alternately get in step and out of 
step, as the direction of incidence is altered In addition to these, 
under suitable conditions of intensity, there may also appear for 
certain directions of incidence, some lines of minimum visibility 
corresponding to equations (5) and (6) 

It may be noticed that as in the direction corresponding 
to an optic axis, o, the order of the fixed 

curves increases in all directions as we move away from the point, 
and the visibility heie is always maximum so far as this system is 
concerned. In the case of the variable curves, however, the point 
where a similar condition is satisfied is tbe reflected image of the 
source and the visibility in its neighbourhood therefore always 
remains maximum. 

It should not be supposed, however, that both these systems 
will be equally visible everywhere, for the four sets of rings 
giving rise to them are not of equal intensity all over the field. 
In the region round the reflected image of the source to which 
alone the observations have to be confined on account of the 
feebleness of scattering at large angles, the principal directions of 
vibration corresponding to 6 and 0' do not, in general, differ much 
from those corresponding to t and r' of the regularly transmitted 
light. For this reason, of the two disturbances along PB and QC 
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due to one ol the two components of the incident light, only one 
will have an intensity comparable with that of OA, and therefore 
of the rings (a) and (6) only the ring (a), say, will be formed. 
Similarly of the rings (c) and (d) due to the other component, 
only one (d) will be visible along with (a). Thus of the two 
systems of curves of minimum visibility, the fixed one cannot be 
expected to be observed in this region Only the variable system 
will be present 

If, however, the incicV^pice nearly corresponds to the direction 
of an optic axis, even in the narrow region round the reflected 
image of the 'source, the principal directions of vibration change 
from point to point so that it is possible to find directions in 
which the intensities of the two rings (a) and ( b ) as also of (c) and 
(d) are comparable. Portions of the fixed curves ought to be 
observable in these directions in addition to the variable curves 
which are present everywhere, for wherever rings (a) and (d) are 
weak, rings ( b ) and (c) will become prominent giving rise to the 
same curve of discontinuity again. The presence of these portions 
of the fixed discontinuities will not, however, make any difference 
in the appearance of the variable curves for directions of incidence 
such that A—owing to the overlapping of the two systems 

(case illustrated in Fig. i) But whenever A—(2»+l)-, these 

will fall between the variable curves and spoil the visibility of 

the rings there. It is this case which is illustrated in Fig 2 

That here k was really equal to (2H+i)- , was verified by pola- 

rising the incident light and observing the regularly transmitted 
light from behind the mica with a quarter-wave plate and a nicol. 
In connection with this, attention may also be drawn to a very 
curious line of minimum visibility seen running almost straight 
through the middle of the closed curves This belongs neither to 
the fixed nor to the variable system, but is a part of the mini¬ 
mum visibility represented by equations (5) and (6) and makes 
its appearance because all along this line, which is an isogyre 
running through the portions of the fixed discontinuities visible in , 
thb case, the four rings (a), (b), (c) and (d) are more or less equally 
strong. 
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IV.— Observations in Polarised Light. 

(a) Incident Light Polarised 

In general, when the incident light is polarised no curves of 
minimum visibility are seen, but careful observation shows that 
m certain directions, there are small regions of dislocation extend¬ 
ing barely over half a dozen rings In the cases corresponding to 
Figs. I and 6 (<?), two such portions at nearly opposite points 
of each curve are visible These go on rotating round the curves 
as the incident plane of polarisation is rotated interchanging these 
positions after a rotation of the mcol through 90° and completing 
the round in 180 0 In the special cases when the curves have the 
appearance shown in Fig 2 and Fig 6 (b) the behaviour is slightly 
different When the incident plane of polarisation coincides with 
one of the principal directions, the discontinuities are found in the 
positions maiked A and B in Fig 6 (b). As the plane of polarisa¬ 
tion is rotated, these discontinuities rotate a little and expand 
until at 45 0 nearly, the whole of the curve in Fig. 2 makes its ap¬ 
pearance On further rotation, the discontinuities contract ogam 
until at 90° we are left with the same original appearance 

(b) Incident Light Unpolartsed and Rings observed through a mcol 

Observations in this case are similar to those in case (a). 

(c) Incident Light polarised and the rings observed through a weed 

For any one of the directions of incidence when the closed cui- 
ves appear quite distinctly in unpolartsed light, wc have already seen 
that in every position of the polarising nicol, only two small portions 
of each of these curves are visible On observing the rings through 
a second nicol the discontinuities are found in exactly the same 
positions for one particular direction of this mcol. On rotating it 
however, they are found to rotate round the curves interchanging 
their positions after i8o° and not after 90° as in cases (a) and (b) 
At 90°, when the discontinuities occupy intermediate positions, 
some very interesting effects are obsei vcd. For there appears in the 
field of view, a dark line running along an isogyre through the dis¬ 
continuities together with dark curves similar in form to the bright 
curves of minimum visibility seen in unpolarised light but failing 
midway between them. At the same time, the visibility of the 
rings becomes bad throughout the field, and but for the rings. 
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still discernible, the whole appearance strongly resembles that 
usually obtained in convergent polarised light. 

For the intermediate directions of incidence which give us 
the complicated appearance m Fig 2, the effects observed when 
the incident light is polarised in a principal plane are similai 
though differing in important respects We get the same rota¬ 
tion of the discontinuities, but this, instead of taking place along 
the closed curves actually visible in unpolarised light, follows the 
invisible intermediate curves As a consequence of this, one of 
the discontinuities passes through the image of the source itself, 
a very interesting tact indeed. We also get a dark line and the 
dark curves, but these again do not fall between the curves visible 
m ordinarily light but coincide with them 

We will now consider the explanation of the foregoing effects 
confining ourselves to the two important cases when 

(1) & = and (2) fc = (2n + i)- 

2 

(a) Incident light polarised 

In tins case when, A=»n\ f the transmitted-scattered ray is 
evidently plane-polarised. Its vibrations may, as before be 
resolved into two components parallel respectively to the vibra¬ 
tions along PB and QC , and we shall get two ring systems with 
equations identical with those of ( a ) and (6). In the directions 
of scattering in which the angle between the directions of vibration 
of PB and QC and of the transmitted-scattered ray OA is o° orgo 0 , 
only one of these rings will be present In directions in which 
the angle is about 45 0 , the two rings are more or less of equal 
intensity and those portions of the curves of minimum visibility 
which lie in these directions will therefore be visible As the 
plane of polarisation of the incident light is rotated, the resultant 
direction of vibration along OA will be rotated also and this condi¬ 
tion will be satisfied in some other directions of scattering with the 
result that these discontinuities will appear to rotate round the 
curve as seen 111 unpolarised light 

When, however, k=(z n+i) although the transmitted- 

2 

scattered ray OA is still plane-polarised, yet as the two perpendi¬ 
cular components to which it is due are in opposite phases, it9 
phase is indeterminate and we cannot proceed as above It is there¬ 
fore necessary to consider both the components of OA separately. 
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This will again give us four ring systems as m the case of unpola- 
rised light Being polarised perpendiculary the rings (a) and (6) 
are independent as are also the nngs (c) and (d). The rings (a) 
and (c) or [b) and (d) are similarly polarised and are therefore not 
strictly independent, but being out of step every where in the 
field, they may also be regarded as independent. The case is 
therefore identical with that of unpolarised light except that in 
this case the two components into which the incident light is 
divided are not in general equal in intensity. Thus, for example, 
when the incident light is polarised in one of the principal direc¬ 
tions, only two rings say (a) and ( b) will be formed These will 
as before give rise to exactly the same small portions of the dis¬ 
continuities which ill the case of unpolarised light fall between 
the variable curves and spoil the visibility of the rings in that 
region But when the incident light is polarised in a plane 
inclined at 45 0 to the principal directions, both the components 
will be equally strong and the case becomes identical in all 
respects with that of unpolansed light and all the lines of mini¬ 
mum visibility as seen in ordinary light will make their appear¬ 
ance, This is m complete agreement with the observations 
already recorded. 

The effects observed when the rings are viewed thiough a 
mcol and the incident light is unpolarised can be easily explained 
on similar lines, if we remember that this mcol does not inter¬ 
fere with the actual formation of the rings but only cuts off a 
certain portion of the light from them and alters their relative 
intensities to different extents in different directio ns. 

We will now proceed to explain the formation of the very 
interesting dark curves that appear when the rings are viewed 
through a mcol and the incident light is also polarised We have 
already seen that in the case when k—n^, the transmitted- 
scattercd ray is polarised The plane of polarisation of this ray is 
□early the same as that of regularly transmitted-reflected ray 
all over the narrow field in its neighbourhood It follows there¬ 
fore that when the analysing nicol is crossed to this direction, the 
transmitted-scattered ray vanishes at every point, and we are left 
with the two perpendicularly polarised scattered-transmitted rays, 
the phase-difference between which is given by 

fissz t cos 6 —n' cos S') 
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It will be seen that this phase-difference is constant along 
carves identical with the isochromatic curves and is a whole 
number of wave lengths along curves 

2* (/i cos 0 — p cos 0') = »x 

These can be easily seen to he between the carves of the fixed 
system of minimum visibility All along these carves, the two 
scattered-transmitted vibrations will combine to give us a 
plane vibration, more or less coinciding m direction with the 
regularly transmitted vibration and will therefore vanish simul¬ 
taneously with it. No light will thus reach us from these curves 
which will in consequence appear dark The presence of the 
isogync line m this case hardly needs an explanation. In the 

case when J«(2n+i)-, although the tiansmitted-scattered 

ray is still polarised yet the above conditions are not satisfied 
except when the incident light is polarised in a principal plane. 
The result is that the dark curves appear fully formed m this case 
only. 

V —Summary and Conclusion 

1 The interesting effects due to double refraction observed 
in Quetelet's rings in mica by Prof C V Raman and Mr G L 
Datta have been studied in detail and a theoretical explanation 
has been put torward 

2 It has been shown that iii this case wc have four inde¬ 
pendent sets of Quetelet's rings nearly elliptical in form in place 
of the single set of circular rings in isotropic media, and the 
interactions of these give rise to two different systems of curves 
of minimum visibility. 

3. One of these systems of curves is fixed relatively to the 
mica and is identical with that observed in Haidinger’s rings in 
the same plate. It consists of isochromatic curves or lemmscates 
similar to those seen in convergent polarised light. Only small 
portions of these curves are, however, visible because all the four 
ring systems are not equally intense everywhere in the field 

4. The other system also consists of lemmscates with the 
same poles as the fixed system, but the exact size and positions 
of the curves of this system undergo considerable changes as the 
direction of incidence is altered, alternately coinciding and 
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getting out of step with the curves of the fixed system These 
curves are fully visible everywhere 

5 When the two systems are out of step, an additional line 
of dislocation is also observed This runs nearly along an isogyre 
and is observable in the neighbourhood of the optic axis (Plates 
V and VI.) 

6 When the incident light is polarised, or when the rings are 
observed through a nicol, the appearance is altogether different 
and in general only very small portions of the curves are visible 
in isolated localities (Fig 4 111 Plate VI) These change their 
positions and rotate round the curves when the polarising or the 
obseiving nicol is rotated, 

7 but when the incident light is polarised and the observa¬ 
tions are also taken through a nicol, we get certain dark curves 
and an isogync line in place of the usual bright curves of minimum 
visibility, the whole appearance strongly resembling that observed 
with crossed nicols in convergent light. Even these special effects 
in polarised light have been shown to follow easily from the theory 
advanced in this paper 

In conclusion, the writers wish to express their cordial thanks 
to Prof C V. Raman for the suggestion of the problem as well as 
for the interest he has tak 'll in the work 

Physical Lab , B H U , 

Benares, 

The 2nd May, 1922 
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I —Introduction 

The well-known and characteristic tints that appear on a 
metal surface when it is heated in air, have been the subject ot 
interest for a long time. When, for instance, a polished steel plate 
is heated over a Bunsen flame, rings of colour appear forming a 
periodic succession, somewhat m the manner of Newton's rings, 
and the explanation usually put forward is that they are due to 
the interference of the light reflected at the surfaces of a thin film 
formed upon the metal as the result of oxidation In a recent 
paper, Mallock 1 has questioned the correctness of this familiar 

Mallock—Proc, Roy. Soc Vol XCIV, Ser. A, August, 1918 See also Nature 
December r, 1937 
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explanation On trying to polish gently a tempered steel surface, 
he found that there was no change in the colours observed as the 
film was gradually removed Thus, for instance, a blue-tempered 
steel remained blue throughout the process of polishing until the 
clear metallic surface was reached, although there was a visible 
change in the intensity of the reflected light 

Observing the reflected colours through a nicol oriented so as 
to quench the reflected light as far as possible, Mallock found that 
as the angle of incidence is increased beyond that required for 
maximum polarisation, the colours changed with obliquity almost 
in the same manner as m case of high order Newton’s rings But 
the thickness of the film necessary for the production of such high 
order rings, is far greater than that of the actual thickness of the 
film upon the metal surface. As the results of these observations, 
he concluded that ‘' the colours must be due to some form of 
selective opacity depending on damped molecular periods com¬ 
parable with the wave-period rather than on a structure compar¬ 
able with the wave-length ” 

Sir George Beilby 1 has also made observations on the subject 
of these coloured films According to him the film is an aggregate 
in open formation, thiough which oxygen molecules can penetrate 
to the metallic surface underneath The colour of the film formed 
depends not only on the temperature to which the metal is raised 
but also upon the time for which the heating is continued 

Recently, in a note published in Nature, Prof. C V 
Raman * has put forward a different explanation of these colours. 
He drew attention to the fact that the plates exhibit a colour by 
scattered light which is complementary to that shown by reflected 
light As the result of his observations on the colour and pola¬ 
risation of the light reflected and scattered from the surfaces, 
Raman has put forward the view that the colours under discussion 
are in the nature of diffraction effects arising from a film which is 
not continuous, but has a close-grained structure. 

Now, the theory that the colours are intrinsic put forward by 
Mallock and apparently supported by Beilby, presents serious 
difficulties and cannot be accepted. Apart from all other consi- 

1 Beilby—“Aggregation and Flour of Solids ” {Sections 3 & 10). 

1 Raman—Nature, January 26, 1922. 
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derations, the very fact that the colours on the plate form an 
approximately periodic sequence, strongly suggests that they are 
in great part due to either interference or to diffraction, and only 
in a minor degree to intrinsic colour which cannot, according 
to any reasonable supposition be expected to exhibit a periodic 
sequence with the growth of the film Since the observations of 
Mallock appear to exclude simple interference as the origin of the 
phenomena, we are left with the only other alternative left as an 
explanation, that is, that the colours arise from the scattering or 
diffraction of light by a granular structure in the manner suggested 
by Raman 

The present author took up this investigation with the object 
of making a detailed study of the whole phenomenon and to collect 
experimental evidence for a comprehensive explanation of the 
facts. The principal task vs as to obtain a set of highly polished 
metal plates For in case of plates not properly polished, the 
colour sequence, especially of the scattered light as distinguished 
from that regularly reflected cannot be satisfactorily observed, and 
it is not possible to derive useful information with their aid After 
prolonged trial, however, the necessary technique was acquired, 
and the problem has been thoroughly studied from various stand 
points, and also with plates of different metals As has been 
observed by Raman, 1 copper (which, however allows a very high 
polish easily) shows the phenomena very beautifully and is found 
rather the most suitable for the different experiments. 

Now, Beil by g has shown that the process of polishing a metal 
surface causes the surface layer to “flow” as a liquid, and thus 
the polished surface is that of the metal in the amorphous state, 
that is to say, the metal molecules are distributed at random. It 
is not unreasonable to suppose that the subsequent process of 
heating results in the formation of aggregates of these molecules, 
some of which are altered by oxidation. Hence the problem 
reduces itself to the determination of the scattering of light by 


l Raman— loc. at. 

1 BeUby—Hunter memona] Lectures, Glasgow, 190J, page 46, also 11 Aggrega¬ 
tion and Flow of Solids " 

Rayleigh—(Royal Institution lecture on IJ Polish, 1 * March, 1901) 
alio holds the view that the process of polishing is a molecular 
one 



78 


B. N. Chvckbrbutti. 


small granules of oxidised metal formed during heating which 
differs from the metal itself in its optical properties. As the result 
of the experiments that will be described in the subsequent pages, 
it can definitely be asserted that the colours exhibited by heated 
metal surfaces are due to tha scattering of light by the granular 
film of oxide formed during heating. 

II. —Experimental Details. 

(t) Preparation of metal plates 

On putting a polished metal plate upon a Bunsen flame, 
colours come in such a rapid succession that it is impossible to 
obtain an uniformly-coloured plate in this way Moreover, the 
temperature of the flame being rather high, it is difficult to regu¬ 
late the heating apart from uniformity, so that there is no know¬ 
ing as to when to stop in order to obtain a plate, sav blue, green 
or yellow-coloured. With a view to avoid all these difficulties a 
method of slow heating by an electrical heater was employed 
The small metal plate to be experimented upon, was placed on a 
bigger metallic plate which later was placed as near as possible to 
the heating coils. The resistance of the coils so employed was 60 
ohms and the current was run from the main switch of 220 volts 
Thus the heating was slow and uniform and moreover, it gave all 
facilities for proper regulation. The current was allowed to run 
through the circuit for 5 minutes before the plates were put in 
position In this way different plates were prepared both of 
copper and iron, which exhibited most of the colours that enter 
into the composition of white light As a result of experiment, it 
is found that uniformity of colour is also ensured when the surface 
is perfectly polished and clean, quite devoid of any sort of grease. 
Dirty plates begin to grow high order colours at the places where 
dirt exists, long before the first traces of colour are seen in other 
parts of the surface even, when all other precautions for uniform 
heating are taken. In each case, colour starts at about a reddish 
or violetish tint which is rather difficult to distinguish on account 
of the surface colour of the metals Next, the colour turns to 
violet in case'of copper, and indigo in case of iron. Copper being 
further heated shows indigo, green, yellow in succession. On still 
further heating, rather at a high temperature the colour is almost 
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white and then again it starts from red, and ends in green and 
yellowish green Further heating blackens the plate due to the 
formation of the black oxide. The colours exhibited at this repe¬ 
tition are very rich and gorgeous. In this stage, the formation of 
the surface-structure becomes visibly discontinuous and granular 
which, when gently rubbed, falls off here and there exposing the 
clean metal surface below The iron plates exhibit beautiful blue 
and green colour after the indigo state. They next turn to red 
The periodic recurrence of colours is beautifully observed in case 
of copper plates The conductivity of the metal being high, to 
obtain all the colour sequences upon the same plate, a tempera¬ 
ture gradient was set up along the surface, the far end being 
allowed to rest upon a block of ice while the other end was put on 
a Bunsen flame. Thus, bands of colour were made to travel from 
the hotter to the colder part of the plate on account of this 
temperature gradient Such a precaution, however, is not needed 
in case of iron or steel. If a thin strip of these metals be taken 
and one end kept in touch with a Bunsen flame, the bands with 
periodic recurrence of colours begin to travel from the hotter to 
the colder parts of the plate In this connection, it must be 
noted that this recurrence of colours at the second stage with all 
its enhanced gorgeousness is not to be observed even in case of 
copper in the process of slow heating Here, after the yellow 
stage, the colours loose all their brilliancy. For, although, there 
is a re-appearance of a dull red and finally before blackening a dull 
greenish yellow colour, yet they can in no way stand comparison 
with the colours obtained by heating over a Bunsen flame. 

Since the formation of the surface-structure is to be attribut¬ 
ed to oxidation of the metal, an estimate of the thickness of the 
structure may be made if the plates are weighed before and after 
the operation. With this view the plates were polished on both 
the sides so as to get rid of any foreign matter that might cling to 
the rough under-surface. After final polish, the plate was slightly 
heated to expel water vapour and while hot was put inside a des- 
cicator and allowed to cool there. It was then weighed with a 
good balance. After the operation also, it was put in the desicca¬ 
tor while hot and allowed to cool as before. From the gain in 
weight of the plates and also on the assumption that the struc¬ 
ture on both sides is of the same thickness and nature, it is easy 
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to estimate the quantity of metal that has gone into the formation 
of its oxide. Thence, the dimensions of the plate and density of 
the metal will give the thickness of the metal layer which is oxi¬ 
dised Thus it was found that in passing from the initial stage to 
the last green or yellow stage m the process of electrical heating, 
the thickness of metal layer affected increases from 5 / j /j to 115/^ 
Thus the process of the formation of the structure is confined 
within a very thin layer of the metal surface and the metal below 
remains as good and pure as ever 

(u) Microscopic observation of the Plates 

That the structure formed upon the surface is not at all conti¬ 
nuous, but granular, can be seen at once if the plates be subjected 
to a microscopic study The difficulty lies in the fact that the 
granules having the metal surface at the back cannot be illuminat¬ 
ed from below I*ight from a high candle-power source incident 
very obliquely upon the plates, however, serves the purpose of 
illumination fairly well The plates prepared during the initial 
stages of heating reveal a very large number of small particles 
quite separate from one another but sometimes forming clusters 
interspersed here and there with particles of bigger size. These 
bigger particles upon the plates at the initial stages might be due 
to the presence of traces of greese or to a too close formation of 
small particles which it is impossible for the microscope to show 
separately It is not difficult to measure the size of the granules 
with the help of a micrometer eyepiece properly calibrated. As 
the colour of the plates changes during the process of heating, the 
particles also as revealed by the microscope in case of different 
plates, go on increasing m dimensions Their diameter in the ini¬ 
tial stages appears to be about 225/^ and finally in the greenish 
yellow stage of slow heating the diameter comes out to be about 
fioo/'p. During the second stage of re-appearance of colours the 
size of the particles becomes rather big, the diameter becoming 
9,000 A U , 1 e about four times the diameter of the particles at the 
initial stages. 

The results of heating some of the copper and iron plates are 
given in a table (Table 1 ) at the end. It will be found that in 
case of copper, only up to the first yellow stage the heating was 
continued and in case of iron, the plates were heated up to the 
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yellowish green stage only. In column 6, the gain in weight of 
the plates by heating is entered in while in the last column, the 
results of microscopic observations are given The size of the 
particles are given in terms (ka) where k= 2 n/\ (h being the wave 
length of light) and a the radius of the particles assuming them 
to be circular 111 shape 

III — Description of the Phenomena observed 
(i) Colour and Polarisation of the Reflected Light. 

If a beam of white light be allowed to fall upon one of the 
metal plates used in the present investigation, then the colour and 
polarisation of the reflected light vary with the angle of incidence 
and the thickness of the film upon the surface, in a very remark¬ 
able way It is instructive to be able to observe the phenomena 
with the differently coloured films simultaneously, and for this 
purpose may be used one of the copper or iron plates in which the 
complete succession of colours has been developed by setting up a 
temperature-gradient between its ends One of these plates may 
be simply held m the hand and the light reflected from it at various 
angles of incidence may be viewed with or without a mcol held in 
front of the eye. For quantitative determinations, the plate may 
be mounted up on a spectrometer table and the reflected light ob¬ 
served through a tube fitted with a mcol which can be taken out 
or put in position at will 

Viewed with the naked eye the reflected colours are most lively 
at or hbout normal incidence, and become less and less saturated 
as the incidence is made more oblique until finally there is so much 
white light reflected at the surface of the metal that no colour can 
be distinguished at all With the copper plates, colours can be 
distinguished even at fairly oblique incidence and a remarkable 
doubling of the first coloured band may then be observed The 
reason for these effects is easily made out if a mcol be held in front 
of the eye. Even at small obliquities, the reflected light from the 
thinner portions of the film shows marked changes in intensity and 
colour as the mcol is rotated about its axis The thicker portions 
of the film on the other hand, show little change at this stage ns 
the mcol is turned round; at more oblique incidences, however, 
the light reflected from the thicker portions of the film shows strik-^ 
ing effects being less intense and more vividly coloured in one posi- 
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tion of the nicol (principal plane perpendicular to the plane of 
incidence), and more intense but less strongly coloured in the paral¬ 
lel position In these two cases, beyond a certain angle of inci¬ 
dence which varies with the thickness of the part of the film under 
consideration, the colours observed in the two positions of the nicol 
are complementary to each other. 

As the nicol is rotated, the shifting to and fro of the coloured 
bands on the plates may be observed, this effect being most conspicu¬ 
ous on the first coloured band The relative feebleness of the 
colours when viewed with the naked eye, at oblique incidences is 
thus easily understood as due to the complementary colours of both 
components of polarisation being superposed on each other The 
apparent doubling of the first coloured band on the copper plates 
is also due to this cause. 

At very oblique incidences, only the thickest parts of the film 
exhibit vivid colour when viewed through the nicol 

(n) Colour and Polarisation of the Scattered Light 

It is to be remarked as a very important feature, that the films 
on the metallic surfaces under consideration scatter light very strong¬ 
ly As a general rule it may be stated, that the colour of the 
scattered light when observed in directions but little removed from 
that of the regularly reflected light is complementary to it in colour 
The behaviour of the scattered light for various angles of incidence 
can be very beautifully observed with a metal plate showing the 
complete sequence of colours as in the experiments described in 
the previous section For quantitative observation, the plate may 
merely be held in the path of a strong beam of light and viewed 
directly or through a nicol For more exact work, the spectro¬ 
meter and a telescope tube fitted with a nicol may be used. It is 
very important that the plate before heating up should have 
received a high polish Scratches and other irregularities upon the 
surface reflect light into the eye and thus tend to obscure the true 
scattered colours 

The observations of the scattered light may be divided into 
several headings as follows -— 

(a) Normal Incidence (of ttnpolansed white light ).—In view¬ 
ing the scattered light with naked eye, when a beam of unpolarised 
white light is incident normally upon a metal plate, it is found 
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that the colour of the light scattered by the film passes through 
Several fluctuations as we move our eye from the direction of the 
plane of the plate to the direction of the incident beam As al¬ 
ready remarked, the scattered light in directions contiguous to the 
reflected beam is complementary to it in colour As we move away 
however, the colour changes. On examining the scattered light 
with the nicol, it is found that in directions near about the reflected 
beam the light is unpolarised and shows no change when the ob¬ 
serving nicol is rotated. But in more oblique directions the changes 
in the intensity and colour of the scattered light becomes noticeable 
and at a small angle with the plate, the scattered colours show com¬ 
plementary tints on rotating the observing nicol through 90°. 

(6) Light polarised perpendicularly or parallel to the plane of 
incidence incident normally —When a beam of white light polarised 
either in the plane of incidence or perpendicular to that is incident 
upon the plate, the scattered light very near to the direction of 
the reflected beam cannot be quenched in any position of the an¬ 
alysing nicol but it simply shows fluctuations in intensity as the 
analyser is rotated But commencing from about an angle of 30° till 
the surface of the plate is reached, the colours can entirely be 
quenched by the analysing mcol, which re appear again on further 
rotation of the mcol 

(c) Light polarised in any azimuth (sa y 45°), incident normally — 
When the incident light is polarised in an azimuth of 45 0 with the 
plane of incidence, the phenomiMia to be observed in the scattered 
light with the help of the analyser is more or less the same as for 
light polarised 111 or perpendicular to the plaue of incidence, the 
quenching of colours with the help of the analyser being more per¬ 
fect as we come nearer the direction of the surface of the plate. 

(<f) Oblique incidences with unpolarised white light —As the 
angle of incidence increases, the beauty and diversity of the pheno¬ 
mena to be observed with the scattered light also go on increasing. 
The colour-changes become more and more frequent and in certain 
directions the tiuts change to the complementary colours when the 
analysing nicol is rotated through 90° For very oblique inci¬ 
dences it is found that in certain directions the intensity of light 
m one position of the observing nicol becomes enormously great in 
comparison with the light observed in the perpendicular position. 
In case of thin films, such a direction for maximum polansatiou is 
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found at an angle of about ioo° with the direction of the incident 
beam (incidence about 88°) whereas, for plates containing thicker 
film with larger particles, such maximum polarisation may be ob¬ 
served in two, three or more duections. 

(e) Light polarised in any azimuth incident obliquely .—When 
the incident beam instead of being unpolansed, is polarised in 
any azimuth, the scattered light, shows the fluctuations of colour 
and intensity as befoie Only the col ours to be observed for any 
suitable position of the nicols become more and more saturated 
The scattered light in the field, however, cannot be completely 
quenched in any position of the mcol although some particular 
colours may completely be cut off by crossing the nicols, a slight 
movement of the nicols to the right or to the left causing the 
reappearance of the same colour In directions near about the inci¬ 
dent and the reflected beams the colour-fluctuation on the rotation 
of the analyser is very prominent. 

In this connection, it is to be mentioned that the complemen¬ 
tary nature of the scattered light observed at a very small angle 
with the surface of the plate, for two positions of the mcol when 
the light is incident normally upon the plate correspond to the 
observations of wood 1 and later on of Rayleigh 1 in case of thm 
film of collodion spread upon m % plates 

(i«) Quantitative Study of the Scattered Light 

All measurements and observations in connection with the 
experiments to be described m this section were made with a 
Cornu polanmetcr, which is generally used in the experiments 
for the analysis of the polarised light Here, the telescope tube 
consists of a small rectangular opening through which the light to 
be examined passes, a double-image-prism, and a nicol capable of 
being rotated about its own axis and attached to a divided circle. 
The double-image prism is fixed at such a distance from the rect¬ 
angular opening that the two images—one polarised vertically and 
other horizontally—are seen one above the other. In the observ¬ 
ation of the colour fluctuations of the scattered light a 9 de¬ 
scribed in the previous section, the analyser is dispensed with and 

* Wood—Physical Optica, page 17a, ed 1914 

* Rayleigh—Phil. Mag Vol 34, Nov 1917. 

Scientific Papers, Vol 6 , p 508 
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the colours of the two images formed by scattered light for differ^ 
ent positions of the observer’s eye as recorded by the graduated 
circle of the polarimeter upon which the telescope moves are 
observed and noted " As remarked before, in order to be able 
to follow'the behaviour of the scattered light for quite a wide 
range a very oblique incidence was used in all the quantitative 
studies Results for the observations on various plates and also 
for different directions of observation at intervals of io° are 
entered into a table (Table II) at the end of the paper. The 
different phenomena roughly detailed in the last section will be 
found rather precisely put into this table. The angle 0 which has 
been entered into the first column of this table gives the angular 
measure for the direction of observation commencing from the 
negative direction of the incident beam so that we approach to 
0=i8o°, as we approach the direction of the surface of the plate 
when the incidence is very oblique The next two columns give 
the colour for the vertical and the horizontal components of the 
scattered light as formed with the double image prism 

In making the following observations, the analysing mcol of 
the telescope of the polarimeter was put in position The inci¬ 
dent light was rendered monochromatic with suitable light filters 
Observations were made with three different kinds of filters, i, iz 

X = 6290 A U , X = 5830 A U. and X = 4380 A.U 

for the purpose of comparison. It was found that the results 111 
all three cases agree on the whole, there being a shift in the posi¬ 
tions of neutral points and in the direction of maximum polarisa¬ 
tion as far as we should expect for the diffeience of wave length 
So, the final graphs were plotted with the results obtained in 
using the monochromater for which X=g830 A U. 

To start with, the zero reading of the mcol is made to corre¬ 
spond to its position when one of the images (say the upper one) 
vanishes. Then the mcol may be set 111 two positions on the two 
sides of this zero position for which the intensity of the two com¬ 
ponents will be equal. Thus, if w v and w % be the two readings 
for the angle of rotation about the zero position for which the 
intensities / L and J a of the two components are equal, we have 

/, COS 1 W\ _ cos a _ cos 1 w l + c os 1 w % 

/, = sin 1 w, sin 1 w a sin 1 w , + sin E w % 
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whence 


jj^| = COS (W, + If,) COS (w,-w t ) 
= COS 2 If 


where w is the mean of the two angles w v and w, 
convenience a quantity P is chosen such that 


P=io 



100 COS 2W . 


For the sake of 


Thus we can determine the value of P m different directions for 
the scattered light within the limit 0=i8o° to 9—o. 

In the graphs of Figs, i and 2 the values of P are plotted 
for different plates the value of v for which is given near the 


curve 



Taking Fig. i which contains the curves for different copper¬ 
plates it will be seen that for very small particles (i/aara), the 
maximum polarisation is at an angle of ioo e and there is no neu¬ 
tral point (P—o). As the size of the particle increases, the position 
of the maximum polarisation also is shifted towards the incident 
light at first. For r'3, we have the position of maximum, 
polarisation at 9—go® and the corresponding value for P is 68,1,©- 
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smaller than the former value. In the last three curves, viz v— 

I-57,17—2'25 and *)—2'95, we note many peculiarities Each of 
these curves show two or more maxima and neutral points For 
17—1 57, a neutral point is found at 95°, which point is found to 
shift towards the direction of reflected beam as the size of the 
particles increases It is also to be noted that the negative values 
of P are rather prominent than the positive in the latter cases 
In the last curve, viz v™2 95 we have two neutral points one at 
0 *=I 2 O° and the other at 0=45° Hence, the experimental curve 
for iron will explain itself From these observations on intensity 
the following are the peculiarities to be observed. 

(a) The scattered light is never plane-polarised in any direc¬ 
tion, but there is a direction of maximum polarisation for small 
particles (i—1'2, v—i'3), which are formed during the first stage 
of heating of the plates. For the smallest particles obtained by 
the author, the position of this maximum is at 0—ioo° 

(b) As v increases, the position of maximum first moves to¬ 
wards the incident beam (as in and then it moves back 

towards the 120 0 position, for when ij—i- 6 it is at abont 8=120° 
with the incident beam. 

(c) At the same time with the increment in the'size of the 
particles, a neutral point (P=o) appears which when v—i 57 is at 
0—90°. 

(d) Between the neutral point and 6=0, the polarisation is 
reversed, that is, the horizontal component /, is greater than the 
vertical component /, and consequently P is negative 

(1 e ) As the value of v increases, the position of this neutral 
point moves towards the direction of the reflected beam and newer 
neutral points originate on the other side. 

That the number of neutral points (P~o), increases with the 
site of the particles, will be seen from the curve for v =6 4 in Fig. 
1. This curve was obtained when light was made to be scattered 
by the beautiful green particles obtained during the second stage 
of periodic recurrence when one end of a copperplate was heated 
in a Bunsen flame while the other end was placed upon a block of 
ice with a view to maintain a temperature gradient. Altogether 
we have 4 neutral points in this case, at about 0—15°°. 0—no 0 , 
and lastly at 0—40°. Beyond that point it was not pos- 
to follow the change in intensity, as there is a general 
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falling off in intensity. Another peculiarity to be noticed in this 
case is the fact that maximum value of P both on the negative and 
on the positive side goes on decreasing as we move from 0—i8o° to 
0—o. 



FiO. a. Experimental curves far Iron 

From a study of the complete set of curves, it is also to be 
noticed that the maximum value of P obtained with smallest size 
of particles, is the greatest of all As the size of the particles in¬ 
creases and they become comparable to the wave length of light 
ordinary reflexion will take place. As it is a well-known fact that 
light cannot be perfectly polarised by reflection from a perfectly 
conducting sphere, finally for all values of 0, the intensity of the 
two components will be equal or in other words, for very big 
particles, the curve will reduce to a straight line given by the 
equation P—o, 

(in) Study of the reflected light mth a Babinet compensator. 

Since the condition of the polished surfaces is greatly altered by 
heating, owing to the formation of the granular film of oxides, it 
is of interest to determine how the different metallic constants as 
known for the polished metallic surfaces change, owing to the 
formation of the structure upon the surface. To a very large 
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extent, at least in the case of the thicker films these constants 
would be mainly determined by the optical properties of the film 
itself and only in a minor degree by the properties of the pure 
metal surface below, so that the changes in the optical constants 
may be regarded as indicative mainly of the properties of the 
surface structure. 

•The constants were determined by Drude's 1 method from 
the analysis of the elliptically polarised light formed when plane 
polarised light is reflected from these surfaces, by means of a 
Babinet compensator As in case of the observations recorded in 
the previous sections, the constants were determined for three 
different wave lengths, in the red, yellow and indigo part of the 
spectrum by employing suitable monochromators. As a general 
rule, it is found that as the nature of the surface-structure changes 
with heating the apparent index of refraction goes on decreasing 
whereas the apparent coefficient of absorption k goes ou increas¬ 
ing thus giving a consequent increase in reflecting power R of the 
plates This was the case with all three wave lengths employed by 
the author 

The procedure adopted for the experimental determination of 
the metallic constants is that given in text books on optics. The 
results were, calculated from the following formulae of Drude.* 

(i) k = tan 2* 

where principal azimuth of Uie analyser 


(2) n 


sin 0 tan p 
\/~ i+k* 

where w«=refractive Index of the medium 


( 3 ) «■ 


^—■principal angle of incidence 

w*(i + A*) - an 
’ h*(i + Jk*) + 2» " 

The results of calculation are entered in the form of a table 
(Table III). In column 6 of this table the quantity v has been 
entered. It is Bimply the product of the quantity ( ka ) explained 
before, with the refractive index of the scattering particles with 
respect to that of the pure metal surface in which they are em¬ 
bedded. As this quantity v will be required in the theoretical 


i Diode—Ana. der- Fhyaik. XXXIX (1889) 

* Drude—Theory of OpUcs, peg** 363-364. edition 1913 

* 
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calculations that follow it has been thought advisable to calculate 
and record it here. The value of the refractive index for the pure 
metal required in this transformation of ( ka) to 7 is taken in com¬ 
parison with the values obtained by Minor. 1 

IV — Physicat. theory of Scattering by Conducting 

PARTICLES 

A solution of the problem of the scattering of electromagnetic 
waves by a spherical obstacle ha 9 been given by Love . 1 Lord 
Rayleigh 1 has shown that Love’s results admit of considerable 
simplification and has used the simplified forms to calculate the 
polarisation of the scattered wave when light is incident upon 
a transparent sphere of refractive index i '5 and of dimensions 
comparable with the wave length of light. In the present investi¬ 
gation similar calculations have been made for conducting spheres 
of copper and iron, the incident beam being a monochromatic 
wave of length given by *-=5830 A . U. 

Let a beam of unpolarised light travelling along the negative 
direction of axis of Z be incident on a spherical obstacle placed 
with its centre at the origin Suppose that the observation on 
the scattered light are made m the XZ plane at a distance r 
from the obstacle. 

If X, Y, Z be the electric forces parallel to the three 
axes in the scattered wave then the vertical and horizontal com¬ 
ponents of intensity in the scattered light are given by the 
squares of modulus of the complex quantities Y and 

xZ-xX 

v 

According to Rayleigh* we get for these two quantities from Love’s 
solution the two following series — 

ii** m ♦ i 4 t r ™1 

y* S (-1) - 4-11 M n [pP'„-»{n + i)P„)+N„P' n 

nmi + I|_ J 

a «(rt-r) 

* ■ ■ (I) 


J Minor—Ann, d. Phyaik, 4 Foige fid X, page 617 (1903). 

1 Love—Load Math. 80c Proc Vol XXX. p 308 (1899). 

8 Rayleigh—Proc. Roy Soc Vol LXXIV, pp. 35-46 (1910). 
4 Rayleigh— Loc* c%i. 
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(2) 


In these equations A—2 »/a where \ is the wave length of the 
incident light, /i—cos 0 and P„ or P„ (n) is a zonal harmonic of 
degree n whose axis is the axis Z. M n and N n are functions 
of the size and optical properties of the spherical obstacles. And 
they are given by 


and 


K . Pn-rika) - {(if - I)-1_ + )*.(*.) 

N __^_ 2W -I-1 +„{y) J _ 

- KE U . ,(*«) + {(K -1 )_ 1 _ + \E„(t a ) 

• l 2 n + i f H fr) J 


M„ = 




■Mv) 


+ »(*<!) 


-E H -,(ka) + 't^ME,.(ka) 

♦ Ml’?) 


( 3 ) 


■ ( 4 ) 


where K«—dielectric constant of the material of the sphere 
^ii(A«) = (-i)" • 1 3 5 
E n (ka)=(-i) n . 1 3 5 


. . f 1 d 11 sin ( ka) 

(2 ” + I) fe HiT)} 1ST 

, r 1 d 1" (s- 1 * 1 * 

2W + I (ka) 


(ka) d(ka)J (ka) 

and a«=radms of the spherical obstacle. 

1 j—m(ka), where m is the refractive index of the material of 
the sphere with respect to the surrounding medium 

There is however a further relationship between the functions 
Eu and ■/'». Because t« is the imaginary part of the complex 
function £«. So that separating the real and imaginary parts 

E„ (v) = *n(v)-»♦,.(>?) ■ .( 5 ) 

Relations similar to (1) and (2) above have been used by Mie 1 to 
calculate the intensity and polarisation of the light scattered by 
small gold particles And it is to be noted that Mie's solution 
of the problem of the scattering of light by a sphere is identical 
with Love’s, though obtained Independently and expressed rather 
in a different manner 4 

Hence, to arrive at the expressions for Mh and N H for a per- 


l Mta—A m. 4. Pfcyaik, 4 Polge, Bd XXV, p. 4*7 (>9oR). 



ga 


B. N. Chuckj£rbutti. 


feet couductor we may make use of the expressions given by Sir 
J. J. Thomson in his “Recent researches in electricity and magnet- 
sm," page 446, as has been done by Talbot-Paris. 1 The expres¬ 
sions given by J. J. Thomson as referred to above, give the 
electric forces in the waves scattered by a sphere having the 
character of a perfect conductor. But these expressions can be 
untilised only iu the case of ordinary conducting metals provided 
that the distance which the alternating currents generated by the 
incident vibrations, penetrate into the spheie, is small compared 
with the diameter of the sphere This condition, however, cannot 
be fulfilled by any known metal when we are dealing with oscillations 
of the frequency of light and can only be expected to be fulfilled 
in the case of incident Hertzian waves on the spheres of metals 
like copper 

By making proper alterations in the notations used by Thom¬ 
son for the electric forces in the scattered wave we get expressions 
identical with those of Love, the only difference being in the ex¬ 
pressions for Mn and N.. According to J. J. Thomson, for a 
perfect conductor 

M _r_ S„(*a) 

" (*«)'« f„(ka) 

and 

„ . l {* *■■<“>} 


where, as before 4=2^ and a«=radius of the sphere 
moreover, 


ihY 


S%n(ka) 


and 




15 S) 


Hence for the expressions M n and N„ in terms of E„ and 4 
before, we have, 


Mn 


-£h(v) 


as 

(6) 


1 Talbot-Parii—Phil. Ilftg. Vol. 30, Oct 191$ 
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and 

jy m (g»nQ?) 
"" -(2n+ !)£„_,(17) + nE„(ii) 


( 7 ) 


Hence M„ and N„ can easily be calculated and substituted in the 
equations (1) and (2) before Since Y and ——* are both com¬ 


plex quantities we may put 

Y = Y,+*Y, 


xZ—zX 


—Z i+i z , 


So 


^ vertical component of intensity _ Y p * + Y g * 

honzonal component of intensity — Z,* +■ Z,‘ 


This relation can easily be determined experimentally and truth 
of the assumptions will thereby be established. 


V —Theoretical Results for Copper and Iron Plates. 

In order to calculate the polarisation curves for light scattered 
by small particles, it is necessary to make use of the general ex¬ 
pressions for Mn and N« already quoted (page 31) In taking in 
value for 7 however, the refractive index of metallic copper and of 
the surface-structure formed by heating are both to be considered 
Hence the values of 7 calculated in the Table III are taken. 

The first step towards obtaining the values of M n and N„ is to 
calculate the value for <l>„ (7) frt>m the series. 

♦« (7) = 1---+---- . 

a . 2« + 3 2.4 . as* + 3 2» + 5 

Hence, to obtain the values for (7) for moderate values of n the 
sequence equation 

— 2n + 3 ' ^ n * 1 ^ = (,*»»♦ 1) | fn~ 1 (7) — (7) | 

is employed. 

The values of Eh (7) are calculated from relations 1 

£»( 7)-— 

and 1 

E.(7)*3-^ 


* $Uf— Loc. eft/. 
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and the sequence equation 

Eh* tv)= — l) j M - 3) {£„( i ?) -£„-,(?)]• 

Hence since E lt (v)=*"{n) - *9h(v) the value of both the func¬ 
tions +« and + n are known The following table (Table IV) will 
give the values of these two functions The values are checked bb 
far as practicable. Next, with the values for and and with 
the help of the relations deduced before, the Table V giving the 
values for AI„ and N„ is made. 



Pig 3 Theoretical curves for Copper and Iron. 


The logarithmic values of 

(2« + i)P' n and ( (2w + i) j*P'„ 
n(n +1) (. n(» + x) 


~(2n + i)P„ 


X 

) 


have been tabulated by Rayleigh 1 for the five values of a, vis. 
m— o, i, J and i Thus the expressions for the vertical and 
horizontal components of the electrical force in the scattered waves 
may be calculated for different directions given by the values of 

(a» + i)P'„ 


cos 9 . When p is negative 


fl(n +1) 

and the other quantity changes sign if n is odd. 


changes sign if n is even 
Hence the values 


i RtyLeigh—Loe. oil. , 
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for the squares of the modulii are calculated for five different values 
of 9 and the value of P obtained in these cases also. The results 
are entered into a table (Table VI). 

The values of P are plotted against the corresponding values 
of 9 (Pig, 3) making use of the same units as in the case of Pigs, i 
and a. 

In comparing the two sets of curves, one obtained experi¬ 
mentally, (Figs t and 2), and the other calculated from the theory 
(Fig. 3), it will be found that for the smallest size of particle, viz 
the two curves are almost similar, there being a direction 
of maximum polarisation between 0 <=*ioo° to 90° In the curve 
for i|«r6 the position of the neutral point is almost the same 
But the value for maximum value of P both on the negative and 
on the positive sides of the axis is greater in the case of the 
theoretical curve than in the experimental curves The error 
may be due to the estimation of the intensity—equalisation in 
those positions There are such discrepancies in case of the other 
curves which lie within the limit of experimental error and on 
the whole the two sets of curves may be considered identical 
The calculations in case of such large particles as given by 1=6 4 
was not tried on account of the tediousness of the task and the 
larger calculation that it will involve. For, the calculations lu 
case of the smaller particles were made easy by the calculated 
results of Rayleigh for the factors which finally multiply M„ and 
N n . Thus, the theoretical calculations were restricted only to five 
cases. Thus the phenomena observed and recorded in the preced¬ 
ing pages may be accounted for by considering the cause as the 
scattering of light by the close-grained discontinuous structure 
formed upon the polished metallic surface in the process of heat¬ 
ing beyond the tempering range. As the scattered light is distri¬ 
buted over quite a wide range its colour changing continually, 
we should expect to find the scattered light in the directions in 
which it is brightest to be complementary to the reflected light. 
To account for the non-changeability of the colour as the tempered 
surface is gently polished, the argument may be put forward that 
since the small particles playing the whole part are of dimensions 
small compared with the wavelength of light, they will be removed 
from the surface wholly and never in parts, however gentle the 
touch of the polishing apparatus may be. Thus by polishing 
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gently, we simply reduce the number of particles distributed over 
the area, which is the cause for falling off in intensity of the light 
observed by Mallock. Moreover, this conception of granular struc¬ 
ture and the scattering by the small particle fits in closely with 
the phenomena of periodic recurrence of colours observed both in 
case of copper and iron. 

That the time of heating plays a part in these cases, there is 
no doubt But the fact that the second stage of re-appearauce of 
colours could not be obtained unless the end of the copper plate 
was put in contact with the Bunsen flame itself cannot be ignored. 
As a sort of explanation it may be put forward that as heat is 
applied to the plate, the molecules lying at randon (the idea of 
Beilby) are not affected all at once. If the temperature is kept 
constant, more and more molecules will be caused to take part in 
the process and some will form aggregates forming bigger 
particles which account for the gradual change in colour. That 
the colours inay be obtained even at quite a low tempeiature 
(ioo°C) may be seen on looking at the inner surface of the double- 
walled copper-made water-baths used so often for keeping a thing 
at a constant temperature. If the surfaces are sufficiently clean 
and polished, almost all the colours will be found there in quite a 
beautiful manner. The author of the present paper however, put 
a polished copperplate inside one of such water-baths After an 
operation tor about a month, the water being heated for about 
five hours daily, a violet tint was obtained upon the plate. That 
longer exposures will bring in other colours is quite apparent 
fiom the colours upon the body of the water-bath itself. But 
here the metal is being heated in contact with the water vapour 
and hence the re-action taking place in the formation of aggre¬ 
gates is of quite a different nature from that under investigation. 

Again, by this slow heating the degree and nature of oxida¬ 
tion of the molecules will also go on changing so much so that cm 
continuation of heating at the same temperature which is rather 
low, the paitides instead of forming into still larger aggregates 
necessary for the colours in the second stage, will gradually pssa 
on to form the black-oxide. Hence it was that the high temper¬ 
ature of a Bunsen flame was necessary to form larger aggregates 
long before the nature of the particles was changed to the 
complete oxidation stage. 
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VII.— Summary and Conclusion. 

(l) In the present paper an attempt has been made to 
explain the colours exhibited by tempered steel and other 
tarnished metal surfaces, the diffraction of light by the granular 
film of oxide formed during tempering playing the main part in 
the theory on the lines first suggested by C. V. Raman. 

(а) The experiments made with differently heated plates of 
different metals supply strong- evidence that the colours are due to 
the granules. 

(3) The experiments done consist in— 

(i) Observation and study of the reflected light as the angle 

of observations are changed and also of the scattered 
light in general 

(ii) Study, in detail of the scattered light, for various 

angles between 9= o to 0 «-i8o° with quite a large 
angle of incidence. 

(4) Curves are drawn showing the intensity relations of the 
vertical and the horizontal components in the scattered light for 
values of 0 ranging between o° to 180°. 

(5) The physical theory of scattering as developed by Love 
and Rayleigh has been employed with slight modifications for con* 
ducting particles as has been done by Talbot-Paris. 1 

(б) The theoretical intensity curves are drawn employing 
different values for the size of the scattering particles which is 
determined by the microscopic study of the structure formed upon 
the metal plates 

It is found that the curves obtained experimentally and from 
theory agree quite remarkably. 

Thus the idea that the scattering of light by the surface 
structure is an essential part of the phenomena is supported by the 
detailed observations that have been made and recorded in course 
of this paper. The theory also explains in a general way the facts 
in connection with the problem known before and observed by 
others. 

The author widies to record his cordial thanks to Prof. C V, 
Raman for his great interest in the work and for providing all faci 
flties for work at the Palit Research Laboratory. 


1 Talbot Paris—toe. ctf* 
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VIII.— Explanation of the Photograph. 

The photograph shows the colours id different plates of iron 
that have been employed in the present investigation. The last 
figure shows the recurrence of colours on the same plate while the 
other plates exhibit the colour for heating for different periods as 
recorded in Table I. 

University College of Science t 
Calcutta 
3 rd May, 1922 
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Table I 


Metal 

plate 

Dimen¬ 
sion! of 
the plate 
In iq cm. 

Time for 
which the 
current was 
switched on 

Colour 

exhibited 

Original 
weight of 
the plates 
In, gm 

Gain in 
weight 
after heat¬ 
ing (in 
gms ) 

Sue of the 
particles 
{ha) 

Copper . 







I 

63*3 5 

i| min. 

Red tint 

16303 

0 0002 

l 21 

II 

6 i * j B 

2 min 20 sec 

Violet 

15-470 

0-000H 

1 33 

III 

1 6 8x4-0 

a min 40 sec. 

Green tint 

15363 

0001 

164 

IV 

6*37 

3 “in 

Green 

1 >5 945 * 

1 00031 

24 

V 

Iron 

68x4 

1 

3} min 

Yellow 

1 15' 5 ®* 

0006 

1 

3 *96 

I 

7*4 

j mm 

Indigo tint 1 24 941a 

0 0008 

1 1 433 

II 

6*8x4 

3 ) mm 

Indigo 

35 591 

0 001 

1 691 

III 

619x3 8 

S min 

Blue 

33 568 

0004 

1 3*054 

IV 

69x46 

10 min 

Green (yel¬ 
lowish) 

28 271 

0007 

| 4 MS 

! 

1 _ 
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Table II. 



Copper flats £ 

• 

Vertical Com- 

Horizontal 


ponent 

Component 

i6o° 

Greenish yellow 

Bluish green 

150 

Yellow 

Greeh 

140 

>1 

11 

130 

1 ■ 

■ 1 

120 

Reddish yellow 

Yellowish green 

no 


M 

IOO 

Yellow 

Green 

90 

11 

1' 

80 

Greenish yellow 

,1 

70 

1 ■ 

■ 1 

60 

_ 

■' 

" 


Copper plate II 

i 

Vertical Com- 

1 

Horizontal 1 


ponent. 

Component 

i6u 

Greenish yellow 

Greenish yellow 

! 150 

»■ 

s 1 

140 

Reddish yellow 

* » 

130 

»» 

1 • 

( 120 

> 1 

V 1 

1 no 

Yellowish red 

Yellowish green 

IOO 

■ * 

l* 

00 

■ 1 

pi 

80 

Reddish yellow 

Green 

70 

■ 1 

■ 1 

60 

11 

" 



Copper plate III. 

0 

Vertical Com- 

Horizontal 


ponent. 

Component 

160 

Greenish yellow 

Red 

150 

11 

• 1 

140 

»i 

Reddish yellow 

130 

• pi 

■ ■ 

120 

Yellowish green 

M 

no 

«• 

IP 

IOO 

Yellow 

Yellow 

90 

Greenish yellow 

Reddish yellow 

80 

■ 1 

• 1 

70 

M 

m 

60 

II 

Yellowish red 



Copper plate IV. 

1 

Vertical Com¬ 
ponent 

Horizontal 

Component 

160 

Yellow 

Red 

150 

V P 

” 

140 

Greenish yellow 

Yellowish red j 

130 

1 1 

1* 

120 

Yellowish green 

Reddish yellow 

i no 

ip 

if 

1 IOO 1 

1 

• * 

s l 

90 

Green 

Yellow t 

80 

Yellowish green 

Reddish yellow 4 

70 

Yellow 

i» ‘ 

60 

i» 

Red 


0 

Copper plate V J 

Vertical Com¬ 
ponent 

Horizontal 

Component 

160 

Reddish yellow 

Bluish green 

150 

Iv 

* * 

140 

Greenish yellow 

Blue 

130 

*1 

* 

ISO 

• ■ 

1 B 

no 

Yellow 

Yellowish green 

IOO 

11 

Blue 

90 

Reddish yellow 

Greenish yellow 

80 

i» 

Green 

70 

11 

Fl 

60 

1 * 

PI 
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Table II— contd. 



Iron plate I 

B 

Vertical Com¬ 
ponent 

Horizontal 

Component 

160 

Yellow 

Greenish yellow 

150 


Green 

140 

11 

11 

130 

■1 

n 

130 

Greenish yellow 

Yellowish green 

[10 

v> 

* ■ 

IOO 

1* 

* i 

90 

* * 

M 

80 

PI 

1 • 

70 

M 

> 1 

60 

■ ■ 

II 


1 

t 

Iron plate 11 

Vertical Com¬ 
ponent 

Horizontal 

Component 

160 

Yellow 

Vellow 

150 

IP 

■p 

140 

II 

Green 

130 

PP 

pi 

120 

Greenish yellow 

Yellowish green 

no 

■1 

Green 

100 

pi 

11 

90 

ip 

■1 

80 

11 

■ 1 

70 


p ■ 

60 

■1 

11 



Iron plate III 

s 

Veitica Com¬ 
ponent 

Horizontal 

Component 

160 

Yellow 

Yellow 

150 

Greenish yellow 

Reddish yellow 

140 

i» 

■ i 

130 

1 l 

1 

iao 

j ■ 

* 1 

no 

11 

1 

IOO 

Yellow 

■ • 

90 

1 1 

Yellow 

80 

Greenish yellow 

Reddish yellow 

70 

11 

l ■ 

60 

11 

1 1 



Iron plate IV j 

a 

Vertical Com- 

Horizontal 


ponent 

Component 

160 

Reddish yellow 

Greenish yellow 

150 

»■ 

% l 

14O 

Yellow 

pi 

130 

Greenish yellow 

Reddish yellow 

120 

I* 

1 

HO 

11 

■ 11 

IOO 

Yellow 

Yellow 

90 

11 

■1 

Bo 

Greenish yellow 

Reddish yellow 

70 

■1 

* 1 

60 

11 

ii 

1 
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Table III. 


1 

Metal plate 

A It I0i 
cm, 

n 

(Refrac¬ 

tive 

index) 

^Co¬ 
efficient 
of absorp¬ 
tion, 

R 

(Reflect¬ 
ing power) 

( ka ) 

where 

n 

n f 

h's refrac¬ 
tive index of 
the polished 
surface 

Copper¬ 
plate I 

6390 

$830 

4380 

0571 

0644 

1 098 

4 705 

4 0111 

2 050 

73% 

1-2 

0 650 

Copper¬ 
plate II. 

6390 

*830 

4380 

0 >62 
0637 

1 08 

5670 
4718 
a 246 

786% 

1 3 


Copper¬ 
plate III 

6390 

5830 

4380 

0 552 

O 620 

I 075 

7 IIS 

5673 

247s 

869% 

1 57 


Copper¬ 
plate IV 

6390 

5830 

43B0 

0 500 
0608 
1-07 

9-514 

7 125 

2 605 

91 3% 

2 25 


Copper¬ 
plate V 

6390 

3830 

4380 

0496 

0 600 

1 060 

14-300 

9 534 

3 747 

96% 

295 

f 

1 

Iron 
plate I 

6290 

5830 

4380 

1 m 

*3S* 

3537 

I 664 

1483 ! 

1-428 

50% 

1 35 

j _ 

2 480 

Iron 

plate II M 

6390 

5830 

4380 

1 66j 

3 346 

2 422 

t 73 2 
1-600 

1428 

33 7% 

1 6 


Iron 

plate III 

6390 

S»Jo 

4J8o 

1-552 

2 IJ2 

3j63 

1 732 

I 7J2 

1 588 

54% 

2 625 


Iron 
plate IV 

6390 

5830 

4380 

1-480 
1748 
a 132 

i 80 r 

3 104 
I 7 J 3 

34 5% 

2-90 
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Table IV 



,=1 2 (Copper plate) 



,=1 $ (Copper plate) 

n 


1 



n 

V * 


0 

3020s 

1 0 77650 


0 

04716 

0-66499 

1 

2 S 705 I 

1 0 86298 

1 

1 

139*9 

0 79*35 

2 

33-630 

0 90092 


2 

89713 

084900 

3 

51085 

092232 


3 

117B9 

0 88121 

4 

ZIJI 5 

093608 


4 

3^49 J 

0-90204 

5 

— 

09459* 


5 

— 

091664 

6 

“ 

097695 

1 

| 

6 

— 

0-92743 


1 









1 



,=295 




II 

l 

f n 

l 

1 

+1. 




1 0 

_ . 

1 

33 SS° 1 

006462 



[ 

I 1 

— 1 

04892 

0 36070 




2 

+ 61520 

051039 




1 3 

+26707 

06021B 




i 4 1 

14876 

1 

066456 




! s 

IJ8 Bi 


070985 




j 6 

2035 5 

' 

0 744 Y » 




*1= 

H 5 | 



n 

1 

'J'n 1 

1 

1 

■ 


in 

0 

1 

—-01798 

0 61702 

0 

- 27918 

0 34581 

1 

+1 17906 1 

073697 

I 1 

+ *9563 

0 57717 

2 

70141 

0 82029 

2 

1 70318 

068552 

3 

94276 

0 86576 

3 

9 73"9 

0 74909 

4 

21459 

0 88920 1 

4 

99 901 

0 79107 

5 

— 

090563 1 

5 

1933 5 

0 82092 

6 

““ 

0-91781 

1 1 

6 

5*793 7 1 

1 

0 - 843*7 
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Table V 


VI 

M, 

N , 


1 J = 

I 2 

1 

— 0 ' 30 I 72 — IX 10128 

0*49602-1 x 29B12 

2 

—003807—IX 00145 

0 09536-1 x 010126 

3 

-000181 — 

0*00259 - 


V — 

I 5 

i 

- 4 * 994 - *>* 24458, 

049944-** 39935 

2 

- 09877— IX 009768 

022756—** 05466 

3 

- 00746— IX- 

001134-ix 00012B 

4 

— 000296— 

0 0003B 


4 - 

1 6 

I 

— 45484—f x 29201 

0 49543-1 x 36793 

2 

-01169-1x000136 

QOI596-IX 00025 

3 

1 — 000916 

000116 


„ = 2 25 

i 

- 40579-1 X 07921 

40044— IX 14169 

2 

-34645-** 13948 

48374-IX 3BI6I 

3 

— 07652-1 X 00589 

16066—tx 02066 

4 

- 00791 -i *- 

00676— IX 000045 

5 

— 000424 

00053 


1,0295 

l 

+ 13320—** 98212 

— 016908— IX -002944 

a 

—'49182— IX 40798 

4 41619 -in 22085 

3 

-■ 2 I 45 S-IX 04831 

+ 38833 -1* 18510 

4 

-*04446-1 x 001986 

■07787 -IX 00606 

5 

— 00511 -IX 000026 

00709 -ix 00005 

6 

- -000363 

000437 
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XI. Thunderstorms In Trivandrum. 


By K. R. Ramanathan, H.A., Director of the Trivandrum 

Observatory, 


I —Introduction and Summary 
Thunderstorms are a regular feature of Trivandrum weather. 
They present well-marked seasonal and diurnal variations. The 
maximum activity occurs during the months March to May and in 
October In the following paper, an analysis is made of the 
seasonal variations of thunderstorms in Trivandrum and they are 
discussed together with the variations of other meteorological ele¬ 
ments, humidity, temperature and air movement both at Trivan¬ 
drum and at Augustia (6,200 ft. above sea level) in the light of 
Simpson's theory of thunderstorm formation. According to Simp¬ 
son, whenever there are strong humid, ascending air currents 
in the atmosphere accompanied by condensation of moisture, 
splitting of water-drops and separation of electricity occur. 
The conditions that have been recognized as essential for 
the formation of strong humid ascending air currents are (1) 
sufficient moisture in the atmosphere and (2) a vertical tem¬ 
perature-gradient exceeding the adiabatic lapse-rate So far as 
these two factors go, they are satisfied at Trivandrum at ali the 
months of the year. The reason why, then, thunderstorms do not 
occur at all seasons is shown to be connected with the existence 
of strong horizontal winds at and above the level of the Western 
Ghats in the months ] une to September and November to Febru¬ 
ary, and the comparative absence of such steady air movements 
during the rest of the year. Strong horizontal winds prevent the 
formation of strong ascending currents. 

II .—Statistics of Thunderstorms 
Observations of thunderstorms in Trivandrum made during 
the years 1856-1864 by Mr. J. A. Broun have been discussed in 
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the Indian Met. Memoirs Vol. X, part I by Sir J. Eliot. Further 
records have been kept in the Trivandrum observatory from 189a 
onward, when they were begun by Dr A. C. Mitchell. 

Table I gives the number of days on which thunder was heard 
in the different months of the years 1902-1914. 

Table II gives the number of days on which lightning was 
seen with or without thunder 


Table I. Number of days on which thunder was heard 


Year 

Jan 

Feb 

Mar Apr May 

June 

July. Aug 

Sept Oct. 

Nov 

Deci Total 

190a 

3 

1 

f 3 

28 

23 

IO 

0 

0 

6 

16 

14 

s 

K22 

1903 

2 

2 

6 

26 

17 

10 

0 

0 

2 

11 

8 

7 

91 

1904 

2 

2 

9 

19 

13 

8 

4 

0 

0 

22 

9 

1 

»9 

1905 

0 

4 

4 

2J 

15 

2 

0 

O 

2 

10 

9 

0 

69 

1906 

0 

5 

7 

U 

19 

3 

0 

3 

1 

20 

13 

8 

90 

1907 

2 

I 

*7 

22 

21 

S 

2 

1 

14 

19 

12 

7 

113 

1903 

7 

8 

14 

17 

12 

6 

1 

0 

1 

B 

7 

2 

83 

1909 

1 

7 

14 

22 

II 

1 

1 

2 

0 

14 

14 

7 

94 

1910 

1 

fj 

13 

18 

12 

5 

4 

3 

1 

11 

IS 

0 

89 

1911 

0 

1 

12 

6 

17 

5 

I 

0 

3 

*5 

8 

10 

78 

191a 

1 

4 

7 

34 

22 

6 

0 

O 

3 

H 

10 

0 

IOI 

1913 

3 

4 

5 

20 

21 

4 

I 

2 

2 

10 

10 

6 

SB 

1914 

2 

3 

13 

19 

l6 

8 

I 

2 

5 

14 

II 

7 

IOI 

Average 2 

3 

10 

20 

l 7 

6 

I 

I 

3 

15 

II 

5 

93 

Table II 

Number 

of days on which 

lightning was seen with or 


without thunder 


Year Jan 

Feb 

Mar 

Apr May 

Juue 

July Aug 

Sept 

Oct 

Nov 

Dec 

Total 

1902 

3 

2 

16 

29 

3 " 

14 

0 

2 

8 

22 

18 

11 

MS 

1903 

2 

4 

10 

30 

22 

12 

0 

0 

2 

15 

15 

9 

121 

1904 

2 

6 

14 

22 

22 

9 

4 

I 

2 

22 

9 

4 

117 

1905 

0 

10 

13 

26 

26 

2 

0 

O 

5 

11 

16 

4 

”3 

1906 

7 

3 

12 

15 

20 

5 

0 

7 

4 

22 

IJ 

IO 

118. 

1907 

2 

7 

26 

*5 

25 

8 

5 

1 

5 

34 

IS 

7 

150 

1908 

9 

11 

17 

20 

15 

6 

2 

0 

4 

10 

7 

3 

104 

1909 

1 

10 

16 

3 J 

18 

3 

1 

2 

0 

18 

19 

8 

119 

1910 

I 

6 

H 

19 

14 

11 

5 

3 

I 

14 

17 

0 

105 

1911 

2 

2 

l6 

10 

19 

B 

I 

1 

6 

15 

16 

12 

108 

1912 

2 

7 

10 

28 

28 

19 

1 

3 

10 

IS 

16 

3 

14a 

1913 

4 

6 

6 

34 

25 

8 

1 

2 

8 

14 

17 

7 

122 

1914 

3 

4 

18 

22 

18 

9 

1 

2 

10 

21 

16 

9 

153 

Average 

1 

6 

14 

* 3 ' 

22 

9 

2 

2 

5 

17 

15 

7 

124 


It will be observed that the maximum thunderstorm 
activity occurs during March to May. There is also a secondary 
maximum in October. The distribution of thundery weather du¬ 
ring the year is shown graphically in Figure 1. 
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An examination of the records also shows that the thunder, 
storms begin either to the north or east of Trivandrum, except 
just previous to the burst of the monsoon or when depressions arc 



travelling close to Trivandrum (when they may begin in any direc¬ 
tion) and that they are most active during the afternoon hours 2 
to 5 p.m. 

Ill —Mode of Formation. 

The most satisfactory theory of thunderstorm formation is that 
due to Dr G C. Simpson. 1 He showed that splashing of water drops 
by air currents produces electrification, positive on the drops and 
negative in the air. When there is opportunity for a large break¬ 
ing up of water drops, a large quantity of electrification is pro¬ 
duced. In the region of humid ascending atmospheric currents, 
there would be condensation of moisture due to adiabatic cooling, 
and if the ascending currents are strong, the condensed drops 
would not be allowed to fall down but would be carried up until 
they reach a certain size and thereafter their shape would get so 
much out of the spherical that they would become unstable and 
break up into smaller drops. Dr. Lenard has shown that the 
limiting size of waterdrops beyond which they cannot grow with¬ 
out breaking up is about 5 millimetres in diameter and the limiting 
velocity which drops of this size would acquire on free fall is near¬ 
ly equal to 8 metres per second. Hence, no drops could fall 
through an ascending current of air with a vertical velocity greater 


Phil. Trans Roy. Society, 309, p 379, 1909. 
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Ilian 8 metres per second. The drops would be earned up, 
reach a certain size, break up, and again be carried up, grow, and 
break up Dr. Simpson showed that enough electricity could be 
produced on the drops by such splashing as would be sufficient to 
account for the electricity carried down by ram 

Accepting this theory, we shall see how the conditions are 
favourable for the formation of thunderstorms in the months of 
March, April and May and m October and November, and how 
they are unfavourable during the other months 

The conditions favouring strong ascending currents accom¬ 
panied by large condensation are — 

1 Enough moisture in the lower air for clouds to form as a 
result of upward movement, 

2 A late of fall of temperature with height approaching or 
exceeding the adiabatic lapse late for saturated air , and 

3 Absence of strong houzontal winds for a few kilometres 
above the earth's surface 

I We shall take these points one by one 
Table III gives the actual piessurc of the vapour present in 
the atmosphere in the different months of the year at Trivandrum 
and at Augustia peak (Lat 8° 37' N , Long 77 0 30' E , height 6,200 
ft above sea level and distant 22 miles from Trivandrum, a high 
solitary peak in the Western Ghats where an Obsei vatory was main* 
tained by the Government of Travancore during the years 1856-1858 
and in 1864 under the direction of Mr J. A. Broun for taking 
magnetic and meteorological observations) 

They are taken from the Indian Met. Memoirs Vol X, parts 
I and II and arc based on 24 hourly observations of the wet and 
dry bulb thermometer during the years 1856-1864 at Trivandrum 
and 1856-1858 at Augustia 

Augustia 



Trivandrum. 


(height 
6,200 ft) 


Month 

Mean vapour 


Mean vapour 


pressure In 

Humidity 

pressure id 

Humidity 


inches of 

% 

inches of 

% 


mercury 


mercury 

J anuary 

069 

74 

0 19 

93 

February 

0*8 

71 

0 38 

83 

March 

078 

75 

045 

89 

April 

0-83 

77 

0 50 

90 

May 

. 0 87 

8 2 

o ’49 

97 
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TrivaNDAum, 


(height 
6,200 ft). 



Mean vapour 


Mean vapour 


Month 

pressure in 

Humidity 

pressure in 

Humidity. 


inches of 

0 / 

/o 

inches of 

% 


mercury 


mercury 


June 

0 82 

86 

049 

98 

July 

079 

86 

0 48 

99 

August 

5 n 

B6 

047 

97 

September 

077 

83 

0 46 

97 

October 

0 79 

85 

046 

97 

November 

077 

»3 

o '44 

97 

December 

068 

7<5 

039 

94 


So far as moisture is concerned, there is plenty of it in all 
seasons of the year Indeed, it is doubtful whether there are 
many other places on earth where there is so much of moisture at 
all seasons of the year 

II. p It is not possible to get an accurate idea of the lap^e rate 
of temperature at Trivandrum without observations with sounding 
balloons We can, however, get much useful information from a 
consideration of the meaii temperatures at Trivandrum and 
Augustia during the different months of the year 

Table IV, gives the mean temperatures at Trivandrum and 
Augustia based on 24 hourly observations , 1856*64 at Trivandrum, 
and 1856-58 at Augustia 


Month. 

Mean 

temperature at 
Trivandrum 
in °C 

Mean 

temperature at 
Augustia in °C 

Difference in 

January 

24-6 

12*0 

12 6 

February 

25 6 

*3 5 

12 1 

March 

26 9 

IS 3 

11 5 

April 

270 

16 4 

io'6 

May 

. 26 7 

15*2 

11 5 

June 

*5 3 

14 8 

io '5 

July 

. 24 8 

14 3 

10 5 

August 

24 8 

142 

io*6 

September 

25 0 

14U 

IE 0 

October 

250 

14 0 

11 0 

November 

25 0 

!J6 

II 4 

December 

247 

12 2 

ii'S 


The minimum difference occurs during the months of June 
and July and even in those months, the lapse rate is 0-36° C per 
100 metres (6,200 ft.—1,890 metres) a quantity far exceeding the 
adiabatic lapse rate for saturated air. According to Hann, the 
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temperature gradient for 100 metres for saturated air at 25° C 
under conditions of dynamical equilibrium to a height of 2,000 
metres from sea level is 0*43° C per 100 metres (Handbuch der 
Meteorologie, page 182) We have no data as regards tempera¬ 
tures higher up. So far, then, as the first two conditions for 
ascensional movement are concerned, they are satisfied in all parts 
' of the year The answer to the question why thunderstorms do 
not occur in all months of the year, will be clear when we have 
discussed the third condition. 

IV — Character op the air movement in Trivandrum. 

The character of the air movement in Trivandrum is affected 
to a great extent by the close neighbourhood of the Western Ghats 
For about 20 miles to the east of Trivandrum, the country 
is undulating with hills and hollows, and beyond it, rises the Wes¬ 
tern Ghats to an average height of 5,000 ft During the months 
June to September, when the S W monsoon is in full swing, there 
is a strong steady wind from about N 6o° W with little diurnal varia¬ 
tion. During the months November to April, the air movment 
consists of land and sea-breezes The N.E winds, that obtain 
during this period in the south of the Peninsula to the east of the 
Ghats, do not penetrate into Trivandrum, sheltered as it is, by the 
protecting effect of the Ghats The months May and October are 
months of transition. 

Since the air movement at Trivandrum is largely affected by 
the proximity of the high Western Ghats, it is more useful to 
consider the air movement at a higher level where the winds would 
be less hampered by geographical peculiarities. For this purpose, 
we shall consider the air movement at Augustia. In his discus¬ 
sion of Augustia meteorological observations, Sir J. Eliot sum¬ 
marises the general character of the air movement thus :— 

"The air movement at Augustia differs essentially in many 
respects from that prevailing at Trivandrum The peak is the 
highest point of the South Travancore Hills. 

In the months of December, January and February, when 
steady and moderate strong N.E. winds obtain in the south-west 
of the Bay and are continued as E.N.E- winds across the districts 
of Tinnevelly and Madura and when light local land and sea 
breezes obtain in the Travancore Coast districts and the neigh- 
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bouring sea area, the air movement at Augustia is determined by 
(and is a continuation of) the massive atmospheric cutrent from 
the N.E. over the Bay which is strongest in the S E of the Bay and 
Southern India. In this season, 5% of the wind observations 
are of Calms, 64% of the winds are from East and 21% from N E. 
and only 10% from other directions. The air movement is hence 
remarkably steady and is on the mean of all the data, from KNE, 
or more exactly, N 8o° E. 

"Similar conditions obtain during the third period (June 
to Sept) The air movement at Augustia is then determined 
by the S W. monsoon air current over the Arabian Sea During 
this period, in the years 1856-58, about 4% of the observations 
were of Calms, 21% were winds from N W and 72% from W and 
hence only 3% from the remaining six points Winds are hence 
even steadier in this season than in the first season of the year 
The mean wind direction is W N.W 

" The air movement during the remaining five months of the 
year is essentially of a transitional character During the second 
period comprising the months of March, April and May the mean 
winds in South Madras shift in direction from East in March and 
April to West in May, in which month, they are practically mden- 
tical in direction with the mean winds in June The mean direc¬ 
tion of the winds at Augustia during this period shift pan passu 
with the change of direction of the air movement in Southern 
India and the resultant is almost nil. 

“ The conditions in the fourth period including the months 
October and November are similar to those of the second period 
except that the transition or change is inverse to that of the 
second period 

“ The number of Calms reported is large; 16% of the wind 
observations received during this period in 1856-58 were of Calms, 
so that they were almost as numerous as during the first transi¬ 
tional period March to May. It is also noteworthy that Calms 
are more numerous m this, as in the second season, during the 
day than during the night and are most frequent from 11 A.M. 
to 4 P II." 
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Summary of weather conditions at Augustia 

December, January and February Calms 5 %-\ 

East 64% / 

N.E 21% f 

Other directions 10% j 

March, April and May Calms 19% 

East 25% [ 

S W 33 % X 

Other directions 2 ^%) 

June to September Calms 4% ■> 

West 72% t 

NW 21% C 

Other Elections 3%^ 

October to November Calms 16% 

West 25% 

East 32% 

Other directions 27% 


It will be noticed that the time of maximum thunderstorm 
activity coincides with the time of minimum horizontal air move¬ 
ment at Augustia A bsence of strong horizontal winds tn the higher 
layers is a sine que non of strong ascending currents favourable to 
thunderstorm development 

During the months of March and April, when the general 
gradient is undefined and is too weak to exercise any control over 
the air movement, ascending currents begin to rise with the heat 
of the sun and form detached cumulus beads. These cumuli grow 
and with the setting in of a light humid breeze from the sea 111 
the afternoon, they grow into large masses often crowned with 
false cirrus, especially to the north-cast of Trivandrum where the 
land use is the most marked. 

By about 3 p.m. the whole sky is clouded and occasional 
crashes of thunder are heard This continues for varying inter¬ 
vals of time and is often accompanied by rain. Ordinarily, the sky 
clears by about 6 pm. and a clear night follows. As the season 
advances, however,, the thunderstorm continues at night The 
general character of the weather is very similar 111 October 

These considerations should apply to other places where 
thunderstorms are seasonal. All along the west coast of India 
and in Ceylon, the setting in of the monsoon is preceded by a 
period of thunderstorm activity. 



XII. An Optical Study of Free and Forced 
'Convection from Thin Heated Wires in Air. 
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(Plates VIII and IX ) 
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I —Introduction 

The problem of convection lias received much attention in 
recent years and au extensive literature has grown up around it, 
many of the papers dealing with the convective flow of heat from 
cylinders immersed in fluids—a case which is of importance in 
view of its practical application in anemometers and gas meters, 
A very convenient summary of the earlier literature up to the 
year 1916,1s given in a paper by B. B. Ray, 1 which describes also 
his studies of the form of isothernals in air round a heated 
cylinder and the optical study of the general nature of convective 
flow. Several other communications on the subject have also 
subsequently appeared K. Aichi* has discussed the problem 
mathematically following Boussinesq and King, extending their 

vc 

results to the case in which v is not small [1**^, v, c and k 
being respectively the stream velocity, the specific heat and the 


1 Proceeding, of the Indian Auociation for the Cultivation of Science, Vol 
VI, Part I, ig2o 

1 Phye Math. Soc Japan Proc a, July, 1910 
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thermal conductivity of the fluid]. A. H. Davis 1 has also consi¬ 
dered the problem for similar bodies theoretically; proceeding 
from the point of view of the Principle of Similitude, he derived a 
formula—an extensiones of Boussinesq’s solution to viscous 
fluids—which he has compared with experimental results of pre¬ 
vious workers He has shown 2 that rf in general both for forced 
and free convection the hydrodynamical formulae are in very 
promising agreement with published data except in the case of free 
convection from hot thin wires ” Later on he has shown that 
provided allowance is made for the temp, change of the properties 
of the fluid his formulae are substantially satisfactory. On the 
experimental side Dr. J S G Thomas has published numerous 
papers . 8 His method of investigation is electrical He has studied 
both free and forced convection of air (and of also certain othei 
gases) past a hot wire in a cylinder—horizontal and vertical He 
has also investigated the influence of one wire on another and on 
a series of others and considered the beaiing of the results thus 
obtained on aneraometry and the construction of gas meters. 

The present paper is continuation of Mr Roy's work, ex¬ 
tended to thin wires and is the fruit of the suggestion of Prof 
C V Raman who has throughout guided its author and rendered 
him indispensible help. 

II —Application op the Method of n Striae n 

The experimental airangement for securing pictures depicting 
the flow of the air near the hot wire are very similar to those 
adopted in the Topler-Schlieren method. An arc lamp A (Dia¬ 
gram i below) illuminated a circular aperture H in a metal screen 
m front of it and this served as a source of light. By means of a 
long focus achromatic lens L a real image of the illuminated 
aperture was formed on a thm mica sheet with a circular thm 
metal knob K fixed on to it, which is just sufficient to cover the 
image Just behind the mica sheet was placed a telescope T 
focussed on to the middle of the hot wire W which lay horizon¬ 
tally along the axis of the optical system. 

i Phil Mag Vol XL, 1920. Vol XLV, 1921. 

Phil Mag February, 1923 

* Phil Mag May, 1920 and Nov 1920, Feb and May, 1921 , Feb. and April, 
1922, and Proc Fhya. Soc, Vol. XXXII, Part V v 1920 
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Now, any change of density of the air in the path of 
a ray would make the ray deviate from its natural course and 
it would escape the knob and enter the telescope and the image 
formed by it would give an idea of the disturbance on its path 
So any disturbed region on the path of the rays would produce in 
the telescope a corresponding image. The rays from this image 
(inverted) after passing through the eye piece would give an erected 
image on a screen placed behind the telescope This screen in our 
experiment, had been the ground glass (and the photographic plate 
P while giving an exposuie) of a reflex hand camera C from which 
the lens system bad been removed. 

The wire was heated electrically, current entering and leaving 
the wire through copper leads l, l passed through capillary glass 
tubes which allowed the proper fixing up of the wire 



Fig 17 


To prevent the outside air motion causing any disturbance in 
regions around the wire, the latter was put inside a wooden box 
B with perforated upper lid, and with partially open sides through 
which the leads protruded outside so that electrical connections 
were easy. 

In examining the forced convection air was blown horizon¬ 
tally or vertically upwards across the hot wire as desired by means 
of a fan, to obtain a vertical draught a fan blew air into a funnel 
which ended in a tube bent up at right angles below the wire In 
each case an approximate measure of the velocity of wind was 
obtained by an ordinary anemometer 

The dimensions of the wire, the values of the heating current 
and the wind velocity (where used) for the photographs in Plates, 
VIII and IX are set forth below 
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I Free Convection 


Fig No 

Diameter of 
wires 

Distance be¬ 
tween succes¬ 
sive wires 

Length along the 
axis. 

Heating currents 
in amperes 

1 

0 054 cm 

_ 

10 cm 

1 9 2 

2 

0054 .. 

2 5 cm 

10 PI 

1 92 

3 

0054 . 

2 5 1 > 

10 ,, 

1 92 

4 

0036 ,, 

0 5 ,, 

7 5 .. 

1 35 

5 

0 036 ., 

03 

I 75 

1 35 

6 

0 036 , 

02 ,, 

| 7 5 M 

1 35 

7 

0036 

01 ,, 

75 .. 

1 35 

8 

0036 ,, ! 

0 1 , 

7 , 

1 35 


II Forced Convection 



Diameter uf 
wires. 

Distance be- 

Length 

| Heating 

Velocity 

Fig No 

tween aucces 

along the 

1 current in 

of wind in 

ai ve wires 

axis 

amperes, 

cm. aec 

9 

0 121 cm 

— 

20 cm 

^ Cl O 

»s 

10 

0121 ,, 

— 

20 

, 0 0 

117 

1 

0036 .. 

0 j cm 

7 5 „ 

1 i' 9 3 

49 

12 

0-036 „ 

02 1 p 

I 75 .. 

1 i-92 

49 

1J 

0 036 ,, 

03 11 

; 7‘5 

1 35 

64 

14 

0036 ,, 

O I .. 

7 5 *. 

1 92 

73 5 

>5 

0036 ,, 

0 3 ,, 

76 ■■ 

i 35 

49 

16 

0 036 , j 

03 , 

76 

1 35 

40 5 


III —Description of the Photographic Rhcords 

In the first figure, the two streams representing the upward 
flow of hot air by the sides of the wire, are slightly bent towards 
the right, this is due to the fact that the leads to the wire 
becoming hot elevates the temp’ of the surrounding air which 
rises up and the adjacent hot stream of air is slightly attracted 
by it. This phenomenon is more prominent in figures 2 and 3, 
where the hydrodynamical attraction is very conspicuous The 
fourth figure where the arrangement is the same as in figure 2, 
except that the wires are rather close-together shows how the 
two middle streams have become shortened This process con¬ 
tinues through the next three figures, the middle streams becom¬ 
ing extinct in the 7th figure where the two wires (separated by a 
distance of 1 mm ) act as if they were one In the fifth and the 
sixth figure there is a remarkable point to be noticed—that the 
tegion a little above the wires is cooler than the region higher 
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up This seems to be due to the fact that the air there remains 
stationary ; it is too far to get much heat by conduction and too 
near the wires to be disturbed by convected air from surrounding 
regions The 8th figure shows that, for a grating of parallel 
wires, all the intermediate streams get annulled, the external ones 
having an augmented effect. Here the heat from the wires seems 
to be conducted, through the surrounding film, to the air below 
which convects it away to the external streams The grating 
more or less shields the air above it from any appreciable 
convection currents, the more effectively so the nearer the grating 
elements are. The above statement is tiue only when the velo¬ 
city of the convection current is rather small. 

The rest of the figures represent forced convection from hot 
wires The most important fact to be noticed is that there is 
always a thiii film of hot air surrounding the wire, whether thick 
or thin. Besides those shown in the plate, the author has ob¬ 
served films 111 a platinum wire of diameter ‘o6i mm This is no 
doubt due to the viscous nature of air That there exists a thin 
film of gas round to the hot wire had also to be postulated by 
Dr Thomas 1 in connection with his determination of ratio of con¬ 
ductivities of any two gases by the hot wire anemometer. Thus 
any theory of convective flow which neglects viscosity is likely to 
be inadequate 

The first two figures of the group now under discussion, 
represents effect of low and high velocities in the case of single 
wires, the air streams being honzontal The next fom figures 
show the effect of superimposed vertical air currents in figures 5 
to 7. It will be seen that the air currents tends to make the 
effect of each wire independent of the others. As heal is con- 
vected away more quickly, the temp falls with a consequent 
diminution in the size of the streams. The last two figures 
correspond to the Fig 8 above in the first of them the air is 
blown from down upwards and in the second, from the side 
horizontally across the grating. In view of what has been said 
before, they require scarcely any special remark 

Besides the facts thus far studied the author sought the 
effect of the proximity of a cool parallel wire near the one heated. 


1 J S. G Thom*! in Phil M»g Vol 39, 1910, pp *31-34 
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But except a slight shortening of the streams lcpresenting a little 
cooling, he could optically discover no other change, though, in 
doing so a steady source of light was used, The eureka wire used 
m this connection had a diameter of '36 mm and it was heated bv 
a current of 1 35 amperes 

Dr Thomas 1 finds, in connection with experiments on forced 
convection from hot wires in cylindrical tubes that "if the air 
current be horizontal and the wires are also horizontal but perpen¬ 
dicular to the air current the stability of convection currents is 
the greatest *' But while taking photographs for forced convec¬ 
tion the author noticed that stability would be gieatest if the 
wires are subjected to an upward transverse stieam of air The 
difference is no doubL due to the difference m the surroundings of 
the wires, in the latter case, the wires being almost m the open 

IV.—Defeection of the Rays of Light by a Hot Wire. 

Observation of the distribution of luminosity round the 
heated wire 111 Fig 1, Plate VIII, suggests that in its immediate 
neighbourhood lbothermals are circular cylinders co-axial with it, 
the deviation from this form as we move away from the wire 
being much less marked below the wire than above it. The 
suggestion naturally arises whether it would not be possible to 
determine the distribution of temperature around the heated wire 
by a direct optical method 

The first attempt m this direction was made by securing a 
record of the boundary and the luminosity of the image formed 011 
the ground glass in the camera, by the deviated rays escaping a 
sharp knife edge placed in place ot the knob The contour lines 
for the vanous positions of the knife edge extending from the 
position where it just cut off the usual image of the aperture to 
the position where it cut off all the deviated light, were recorded 
on a piece of translucent paper and they were quite characteristic 
But in the absence of a complete mathematical analysis connect¬ 
ing the shape and luminosity of the images with the position of 
the knife edge and the temperature distribution round the heated 
wire, the process could not give any tangible results. 

Now, whatever might be the actual distribution of temper 


1 Phil Mag. 1930, May, pages 519- 
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ature round the hot wire, it is certain that the temperature 
diminishes as we recede from the wire So a ray incident along 
the wire must get deviated upwards 1 Thus it is a priori evident 
that with incident light parallel and along the wire, we should get 
a hollow cone of rays (see Diagram 2 below) after they have 
traversed the disturbed region and if we put a screen just beyond 
the wire on it should befound a dark spot surrounded by a luminous 
halo 

But as the region of hot air round the wire is rather small and 
the temperature gradient is not insignificant, this cone of rays 
would, at a distance considerable compared with the thickness of the 
hot region, be intersected by rays that come up after traversing the 
cooler air distant from the wire This would limit the minimum 
width of the dark spot and the boundary after this critical distance 



would be more and more hazy. Moreover the dark spot would 
lose its simple circular shape at a distance owing to the asym¬ 
metry produced by the two upwards hot streams of an ; the effect 
of these streams (which are cooler than the air very near the 
wire) would not however be appreciable unless the dark spot is 
observed at a considerable distance from the end of the hot wire 
In order to test this theoretical conclusion and if possible to 
apply the experimental results in the determination of temper¬ 
ature, the source of light was brought nearer the lens so that a 
parallel pencil of light was incident on the disturbed region round 
a hot platinum wire of diameter 0416 cm Now, on looking 
through a microscope focussed near the end of the wire a circular 
dark spot much larger in size than that due to the obstruction of 


1 Atmospheric refraction of sound due to convective equilibrium of tempera 
ture—Rayleigh's Sound, VoJ. II, Art 288. 
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light by the wire itself was observed This dark spot, though of 
diminished size, could be seen even at points round the wire at 
which the light rays had not passed over its full length. Now as 
the microscope was gradually moved away from the wire, the spot 
gradually increased in size but lost its symmetry, the effect of the 
upward stream of hot air presenting itself. Farther off the spot 
became faint over its boundary and its 'Size reached a limiting 
value, the radius of the ^pot at such a point representing the 
extent to which the air below the wire gets heated 

Foi quantitative work, the diametei of the daik spot was 
measured at various distances from the wire by means of a 
travelling microscope From such measuiemenls graphs were 
drawn of the radius of the dnik spot against the distance from 
the end of the hot wire The line ABC in Diagram 2 indicates, 
though in an exaggerated way, the general form of the curves 
obtained, thus confirming in a general way the indications of 
theory From these curves and the known values of the effect of 
temperature on the lcfrictive index of air, coupled with an 
assumed logarithmic distribution of temp for Lhe icgions below 
the hot wue, values for the temp of the air immediately below 
the wire were found for various magnitudes of heating currents 
The values thus obtained, though of the same ordei of magnitude 
as those found by resistance measurement wcie not quite satis¬ 
factory It appears to the autlioi that with a more exact mathe¬ 
matical formulation of tue problem the method may prove quite 
successful 

Some prelumnar) attempts at raeasunug the distribution of 
temperature around the wire by an interference method was also 
made. It is hoped to repeat these at an eaily opportunity and to 
present the results in a separate paper 

V —Summary and Conclusion 

i After briefly reviewing lecent work on the convection 
problem, the paper describes the results of an optical study of 
convective flow around hot thin wires. Three distinct methods 
of study are available - (a) the method of ' 1 striae / 1 ( 6 ) the direct 
optical observations of the deflection of the rays of light in 
passing over the wire, and (c) the interference method. The 
results obtained by the first two methods are described 
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2. The method of “ striae ” enables an almost exact picture 
of the distribution of hot air and its temperature variations as 
indicated by the luminosity of its various parts to be obtained 
It is found that as m the case of thick cylindrical wires, so in the 
case of thin wires, the wire is completely enveloped by a film of 
hot air both in free and in forced convection, the effect presumab¬ 
ly is the result of the viscosity of the gas In the immediate 
neighbourhood of the wire the flow of heat is mainly by conduc¬ 
tion and in the more distant parts by convection The mutual 
effect of convection-currents arising from paiallel heated wires, 
and especially the remarkable impedance offered by a parallel 
grating of wires for the flow of hot air through it in free convection 
and to a lesser extent in forced convection is illustrated by 
photographs 

3 These results are supported by the observations by the 
second method The possibility of obtaining quantitative re¬ 
sults is also considered 

In conclusion, my best thanks are due to Dr C. V Raman, 
Palit Professor of Physics, University College of Science, who has 
throughout lendered the author invaluable help ^nd put the 
facilities of a well-equipped laboratory at Ins disposal 

Indian Association for the Cultivation of Science, 

210, Bowbazaar Street , Calcutta 
5</i May , 1922 




XIII. On Laminar Diffraction and the Theory 
of Microscopic Vision. 


By Nallnl Kind Sur, M.Sc., Lecturer In Physics, Ewing 
Christian College, Allahabad 


Synopsis. 

i Theory of Microscopic vision —The mathematical theory 
as developed by Rayleigh, Lummcr and Reiche, and 
Wolfke is applied in the present paper to determine 
the character of the images of different types of trans¬ 
parent structures under the microscope 

2. A Discontinuous Laminar Boundary —The image of the 
boundary is shown to be a place of minimum intensity 
bordered by fine equidistant fringes on either side The 
position of the fringes is sensibly independent of path 
retardation on the two sides of the boundary 

3 An Echelon Boundary of Two Steps —The images of the 

two boundaries are places of minimum intensity com¬ 
pared with the other fringes bordering them For 
steps of a given width, the position of maxima and 
minima of illumination in the field is sensibly indepen¬ 
dent of the height of the steps The nature of the 
microscopic image, however, depends on the separation 
of the steps, and the diminishing clearness of resolu¬ 
tion with their closer approach, is illustrated by three 
graphs 

4 A Laminar Transparent Ridge .—In this case, as the ridge 

becomes narrower and narrower, besides the diminution 
m the clearness of resolution of the two edges, the en¬ 
tire image tends to disappear, being replaced by uni¬ 
form illumination 

5 Experimental verification of the Results —The results nidi- 
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cated by theory have been tested by observations 
under the microscope of vauous actual structures (i) 
the striae in mica, (2) air bubbles in a thin film 
of liquid between two glass plates (3) fine ridges 
of egg-albumen formed by drying up of a 1 mixed’ 
plate , (4) fungus growths on glass, and (5) botanical 
and petrographical slides of various kinds While the 
results of thcorv are broadly speaking supported by 
observation, a certain as\ mmetiv in the appearance 
of laminar boundaries is generally observed which is 
not explained by the theory worked out 111 the paper 
An explanation of the same is suggested, which, how¬ 
ever, requires fuither investigation 

6 Effect of Oblique Illumination —The asymmetry referred 

to in (5) becomes greatly magnified under oblique illu¬ 
mination 

7 Rayleigh* s Theory oj the Phenomena Observed in Foucault* s 

Test ,—The close similarity between this and the theory 
of microscopic vision is pointed out 

T —Introduction 

The importance of the part played by diflraction in deter¬ 
mining or modifying the character of the linages of minute struc¬ 
tures as seen through a microscope, has been widely recognised 
through Abbe’s well-known woik on the nature of microscopic 
images 1 Several later writers have also dealt with the subject, 
notably the late Iyord Rayleigh, Porter, Wollke and others.* 
The published literature deals, however, mostly with the special 
case in which the object under observation is a grating formed of 
alternate transparent and opaque bars, and very little has been 
written about other cases, such as for instance that of laminar 
gratings of complex groove-form, the visibility of whose structure 
depends on the periodic variations of phase of the light passing 
through it and not upon a variation of opacity. So far as the 

J Abbe—Die Lehre von der Bildenstehung im Mikroikop Bearbeitet und- 
herausgegeben von O Luminer and P Reiche (Fr Viewcg & Sohn, Braunsch 
weig 1910, 10H pp ) 

a For references to the literature, see the paper by P N Ghosh Pliy Rev 
Dec 1919 
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writer is aware, even the problem of the nature of the focussed 
image under the microscope of a simple laminar boundary, or of 
two or more parallel laminar boundaries has not been mathemati¬ 
cally discussed Cases of the kind above mentioned are of special 
interest 111 that the microscopic images of such structures aie 
entirely spurious in the sense that the observed fluctuations of 
intensity in the field of view do not lepresent any actual fluctua¬ 
tions in the intensity of the light passing through the object 
The consideration of such cases is piobably quite as important as 
that of the simple black and white grating m interpreting the 
observed appearances under the microscope of various natural 
structures It was with a view to fill up the gap in the literature 
here indicated that the writei undertook the investigation, the 
first instalment of the lesults of which are contained in the picsent 
paper Some expen mental illustrations of the mathematical 
theory of these cases have also been worked out 


II.— General Statement or Theory 


In then treatise on Abbe’s theory, Lumtner and Reiclie 1 have 
given an expression for the amplitude of light wave at a point in 
the plane conjugate to the object-plane of the system The dis¬ 
turbance S x at any point of observations m the image-plane con¬ 
jugate to the point (x 3 y) in the object-plane is given by 



ft d('d V ' | 

i l dXd Y<p(XY) sin 2tt [ - - i(X Y) 
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where A: is a constant, \ the wave length of light, <P{XY) the 
liansmission coefficient of the object, and <A( XY) } the phasc- 
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change due to the object, and (£, v) are the coordinates of an 
element of ss' a sphere of radius e, described round the mid-point 
o of the object as shown in figure I. 

£' = - and v' = ~ 
e e 

are the angular height and breadth of the element The object is 
illuminated by plane waves incident normally on it, so that all the 
diffracted rays originally start from it in the same phase The 
dimensions of the object are small compared with e 

For a symmetrical object extending between the limits - A 
and +4 on the *-axjs and -B and +B on the y-axis p Wolfke 1 
transforms the equation (i) to 

= de f dXf(X) sin . (2) 

— a —A ^ 


the object being supposed to introduce no phase-change, i.e 
<I>(XY)— o, and <*' is the angular height of the aperture of the 
objective, it being supposed to be rectangular For a transparent 
object, we may <p(X)=i Further putting 


-=<p, - = 0 , f' = - , and ±ea'= ±(, 
e e e 


the equation (2) transforms to 

+ { /' + » 




or 


Sj=^ di ^ d 9 sin 


( 3 ) 


where ±f are the limits of the aperture, and ±0 are the angular 


limits of the object Omitting the constant factor - for brevity, 

A 

and putting V(=t and ^"=2^, which can always, be restored on 
considering 'dimensions,' we have 


f +f f +# 

,= V d{ \ do sin I r-£(p- 0 ) J . 


•( 4 ) 


1 Wolfke— Annalen der Pbyaik, 34, 1911 
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For a transparent object introducing a constant retardation p, 
equation (2) transforms to 

= j d( ^ d& sin ^T-p + f(0-f>)J> .(5) 

we now proceed to apply equation (5) to different types of lami- 
nary structures 

III —Case of a Discontinuous Laminar Boundary. 

Let us firs! take the case of a transparent object, having a 
discontinuous laminar boundary This, we may suppose, intro¬ 
duces an otherwise constant retardation p, which changes sign 
when 0=o. The retardation is equal to + p, when 0 is positive, and 
is equal to - p, when 0 is negative 



Fig 2 


In this case equation (5) transforms to 




S g =|j iflsin j (T + /j-^) + fa| sin |(r-p- 

Performing the integration with respect to &, we have 
5, = ^ d( -^sin (t + p — f*)+sin (r-p-fa)J--—— C ” 

^COS {t + p — (f) — cos (t-P-^)J J 
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= 2 sin t 


— 2 COS T 


= sin t cos p 




sin £0 cos £* (i-cos (to 

cos p .- j -+ sm p , --g-cos 


sin £0 sin £i> (i - cos £0) , 


+ sin p 
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— sin t sin p 


— cos t cos p 
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( 6 ) 


Tlic integrals in (6) may be expressed in terms of sine-integral and 
cosine-integral defined by 

, X 


and 


f sm* 

S,( * )= ] ~~x~‘ 
*« 

/ r * cos * 
“ w= ) — 


dx 


As the aperture of the objective of the microscope is symmet¬ 
rical with respect to the axis, the ci’s being even functions dis 
appear, and (6) reduces to 


Sn = 2 Sill T COS 


l *<*£ sin (fl + 0)£+sm (0-<ft)£ 

0 ^ 

in, (*. 

J 0 


— 2 cos r sin p I d£ 


2 sin (»£)— sin + + sin (fl —0)f 


= 2 sin t cos p {si (0 + f)( + si 

-2 cos r sin p {2 si (ff)-si (# + p)f + si (0-f>)f} e 
Hence the intensity I is given by 
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7 = 4 cosV (si (0 + *)f+ si 

+ 4 sinV . {2 si (^)-si (e + 0)f + si (5-0)f} # 
The intensity at different directions 0, for a definite value of 5 f 
may be easily computed by the aid of the tables calculated by 
Glaisher 1 

In some actual obscivations to be described later, 

k=5*io^cm 2f= 20 cm 5 = — 

. 

2t 

approximately Hence — f'f=59S Fol facility 111 calculation 

2 n 

we may take $£ or rather — 0£=6oo approximately We now 

proceed to tabulate the values of intensity for different values 
of the retardation p When the whole difference of retarda- 

x 

tion 2 p=it l or reckoned in wave lengths , we have cos p=»o and 

2 

sin p=*i 

It may be noted that 0 f bjmg 600, and the variations in the 
values of the si-function 111 the neighbourhood of si (600) being 
very small, the expression for the intensity for values ot small 
compared with 6 g } reduces to 

7 = 16 (si (*t)} a ,(8) 

The ffuctuations ot intensity \Mth ^ 01 more conveniently with 

2 IT . 

— <Pt is exhibited in Fir j 



The intensity is symmetrical with respect to ^£^=0, and *he 
fringes on either side of the central black lmc are equidistant 


* J W. L Glaisher. Phil. Trans. 1870 
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Similarly for any other value of 2 p, the variations in intensity 
may be calculated from (7) Only one other graph illustrating 



Fig 4 


We therefore conclude that the geometrical image of the 
laminar boundaiy is always a place of minimum intensity, com¬ 
pared with other minimas bordering it on either side, and the 
positions of maxima and minima are the same for any value of p , 
except when 2 p—^ t which leads to uniform illumination in the 
field of view of the microscope 

IV —Case of an Rchei,on-boundary of Two Stefs. 

Next wc proceed to consider the case of a transparent object 
with two stepped-lammar boundaries close together as shown in 

5 



Pig, 5 


The angle subtended by the boundaries at the mid-point of 
the aperture of the objective is 20,. In this case, we may sup¬ 
pose the retardation to be constant and « - p from -0 to -0,, 
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and + p from +0, to + 8 , and to be zero from - 0, to ■+ 8 ,, so that 
each step introduces a retardation of and the whole difference 
of retardation produced by the two boundaries is Zp 
Equation (5) m this case transforms to 


f + f r r+n 

J *Lj ^ sl " b + p + f (0-0) j + ^ rf 0 sm 

c ® 

+ 1 dd sin | r —+ L (0 — f) | 
J«i J 

f (sin £8 — sin £ 8 ,) f L 4 , , 14 ) 

I -;-| sm (r + p-tp) t- sin (r-p-£<t>) j 

| cos (r -[>-£ 4 >) 


■S 


+ i 


-i 


/ Sln ( cos & - cos £0,) 

¥ 2 Sill (r-f*) ■ - ---- V 


— COS (t + p 


■s.,* t 


-(*)) 


(sin £0-sin £0,) 


(cos £0-cos £0,) 


(2 sin t cos ^ cos £<£ — 2 cos t cos p sin £4) 

2 sin r cos £p sin £0, 2 cos r sin ip sin £0, 

- _ 

(2 sm t sin p cos ip — 2 cos t sm p sin £^) J 


Omitting those terms which vanish on integration between the 
limits ±£,we have 


S t = 2 sin r cos p 


f 2 sin r 


r- 

(j’« 2Lf* 


sin £0 cos £p 

T 

sin j &t 


■ - 2 sin r cos p 


+ 2 cos t sin p 


I sill £8, cos fp 

J * —r- 

( C0S ^ SItI £* 

J_, * 7 


- 2 COS r Sill p 


i +( 

^ cos £0, sill tp 
*—~ 


-z sin r [cos p {si (0 + *)f + si (0-p)f-si (0, + 0)f-si (0, -0)f} 

+ si (0,+M + si (0,-0)f] 

+ 2 cos t [sin p [si (0 + </>)f-si (0-0)f-si (0, + 0)£ + si (®|-0)f] 

Let A and B denote the coefficients of sin T and cos " respectively 
Then 

7 = i 4 * + B* 
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We shall now determine the nature of the diffraction pattern 

for cos />=o, i e when 2 p=~ for different values of 0 , f. The cases 

which present interesting features are when the two boundaries 
are close together, aud we shall calculate the intensity pattern for 
different degrees of closeness 
For cos |i*=o 

^ = 4 [(si { 8 \ + ?>)£ + si (0,-.£)£}* + {si (0,-*)£-si (0, + 0)f}'] 

= 8 [(si(0, + *)f }>4.{ s , (0,-.)f )*j 

27T 2iT 

As before — 0f=6oo approximately First let — 6 The 

A A 

diffraction pattern in this case is shown in Fig 6 



Fig 6 

2tt 

Next let — 0^=4 The steps are closer than in the preceding 

case. Plotting the values of intensity foi different values of 
we get Fig 7 



From Fig 6 we see that the laminar borders appear as places 
of minimum intensity as compared with other mmimas bordering 
them Between them we have some slight variations of intensity, 
as is shown by the presence of a dark fringe at the centre, and a 
bright one accompanying it From Fig 7 we find that the images 
of the laminar borders are again regions of minimum intensity, 
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but in this case the intensity is greatest at the centre, and 
gradually decreases from centre to the images on either side. As 
we pass outwards, we meet with fluctuations of intensity gradually 
leading to uniform illumination Also wc conclude from the 
figures that the nature of the diffraction pattern between the la¬ 
minar boundaries depends on the separation of the steps 

Next let *',£=1 G Here the two laminar boundaries are 
just resolved 



Fig. 3 


Fig 8 shows that the two boundaries arc places of minimum 
intensity, with a brightex region between them On eithei side 
there is the usual fluctuation of intensity rapidly ending in uni 
form illumination 

Lastly let 0,(=i As the diffraction pattern in this case 
very similar to that of Fig 4, it has not been shown In this case 
we get a region of minimum intensity along «#»£— o, and the inten¬ 
sity gradually increases in either direction, till we get a region of 
maximum intensity The laminar boundaries cannot be located 111 
tins case t 111 other words, they are too close to be resolved by the 
microscope 


Figs 6, 7, and 8have been drawn for the case when , but 


actual calculations for values of 0«f=6oo, 0 , £=4, and for cos ^=1 


and cos ^=1, 1 e when the total path-retardation 2 p=- and \ res¬ 
pectively, show that the positions of maxima and minima agree 
quite closely with those shown in Fig 7 

Hence we may conclude as in the first case, that for deflnFe 
values of &£ and 0^, the positions of maxima and minima are the 
some for any value of the path retardation, though the numerical 
values of intensity at the corresponding points may be different 



136 


N K Sur. 


V —Case op a Transparent Ridge. 

Lastly, we proceed to consider the case of a transparent ob¬ 
ject, with two close ridges as shown in Fig 9 


+ 0 



PlG 9 


The angle subtended by the two ridges at o, the mid-point of 
the aperture of the objective is 20, In this particular case, the 
linear retardation may be taken to be constant and equal to - /> 
from - 8 to - 0,, and -f-p from - 0, to +0,, and again -p from 0 1 
to 0 Equation (5) then transforms to 


, +t _ / -«i r +'i 

», = J ^|_J ^ s,n 1 r + P + ((8-f) | rfflsiu | T-p + f (0-$) j 

+ i0sin |t + /> + £ ( 8 -f) j J 

j 


■Do 


, . . (sin fc^-sin f0,) sin ( 6 l 

sin (t + p-ty) y - ---^ 1 Sin (t 


= 2 sin (t + p ) 


r+{ >. 

L J, cos (<t> 
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- a cos (t + f>) 


sin £0 


sin £ 0 | 


, , f +{ cos sin £0, . , I , sin £* 

— 2 sin (r + p) 1 d( ---! + 2 cos (r + p) j d£ - 

J_ { J-t 

. , f +t J, cos £f sin £8, , 4 f +t JJ . sin £f sin f 8, 

+ 2 sin (r—p) 4 d£ -^- -—2 cos (r — />) I d£ -^- 

J-t J-t 

Performing the integration and simplifying we have 
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S, = 2 sin r cos p {si (6 + f)e + si ( 6 — <p )(} + 2 cos t sin p (si ( 9 + $)( 

+ SI (»-*>)f-2 SI (6, +<t>)t-2 SI (0,-*»)£} 


Let A and B denote the coefficients of sin T and cos r respectively 
Then we have 

/ = > 4 * + fl l 


when 


\ 

cos p = o, t e 2p=- , 
2 


1 = 4 (si (0 + *)f + si ( 0 -<p)(-z si (0, + P)£-2 si (0,- &)£}* 

when 6( is large compared with <p£, the expression for the intensi¬ 
ty reduces to 

/ = 16 (si 0fc u -si (0| + ^)f-Sl(0 | -^))f}* 


2 it <■ 

As 111 the two foregoing cases, let — 0 £= 6 oo approximately Fi- 

A 


2tt 

gures 10 and n have been drawn for — ^£=5 and 4 respectively 



Fig. 10 illustrates the case for 0,£= 5 I11 this case two maxi¬ 

ma and two minima appear between the two edges, but the latter 
can be distinguished by the fact that they are regions of minimum 



intensity Outside the edges, we have as usual, fluctuations of 
intensity, gradually ending in uniform illumination The maxima 
and minima in the region between the images are feeble in 
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character Fig 11 shows that in this case (*|f=4), the edges are 
again regions of minimum intensity But between these two 
regions the intensity is greatest, as distinguished from the pre¬ 
vious case Outside the geometrical images of the edges, we have 
several maxima and minima of illumination. 

From these two cases, we also conclude that the diffraction 
pattern in the region between the images of the edges, depends on 
the degiee of separation between them 

When is small, say= 5, the diffraction pattern is veiy 
similar in appearauce to that repiesented in Fig 4 In the neigh¬ 
bourhood of <p(=o } 1 e along the axis, the intensity is veiy small, 
it then giaduallv increases m either direction, the field of view 
being symmetrical, till we find a very bright region, accompa¬ 
nied bv several maxima anrl minima of illumination It is evi¬ 
dent that in this case, there is nothing to indicate the geometrical 
images of the boundaries, 1 e they are so close together, that the 
nucioscope fails to separate them 

When the two boundaries arc very close together, 1 e. is 
very small (less than i), we find from the above expression for 
intensity, that it is practically constant throughout the whole 
field of view, since the 1 si ’ is an odd function In this case no 
image of the ridge is seen in the micioscope 

The previous figures have been drawn for the case when the 

retardation is 2p=- but calculation shows that for fixed values of 
2 

and 0 ( £j but for different values of except when 2^=\ the 

diffraction pattern is similar to the corresponding cases of 2 p=- , 

and the positions of maxima and minima are the same, though the 
absolute values of the intensity may be different 

This constant position of maxima and minima in all the three 
cases discussed above, furnishes us with an easy method of testing 
our theory experimentally. 

VI.— Experimental Tests of the Theory 

For experimental verification, several types of structure were 
studied. It is well known that structures occurring in nature, e g 
the cell walls and nucleui-borders of cladophora and the edges of 
diatoms appear as sharp black lines under the microscope. Under 
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direct illumination the edges can also be seen surrounded by very 
fine fringes in the position of accurate focus Similar instances 
occur in the case of mixed plates formed of air bubbles and albu¬ 
men or water 1 For quantitative measurements, the striae in mien 
were used It has been <Jioun by P. N Ghosh 1 Lhal a stria is the 
boundary separating regions in the mica having slightly clifferenl 
thicknesses When examined by a microscope under direct illumi¬ 
nation, the striae appear resolved into five dark lines sepaiated b\ 
bright regions All the edges do not always appear equally dark, 
which points to the fact, that the successive steps represent 
unequal changes of thickness m the mica Further the steps 
generally are of unequal width, and the width may vary from 
point to point along the length of a stria 

For the venfication of the fust case, a stria was chosen which 
showed a single edge, not resolved by a veiy high power Leitz 
objective, The source of light was a pinhole, or a slit parallel to 
the direction of the stria, illuminated by a powerful electric lamp, 
and at a sufficient distance from it, so that the mica was illuminat¬ 
ed by plane waves incident normally on it The edge appeared as 
a fine black line, Accompanied by practically equidistant fringes 
on either side The preceding theory shows that it is not neces¬ 
sary to determine the path retardation on the two sides of the stiu 
The microscope was fitted with a micrometer eyepiece reading up 

to 1 cm. The field of view of the mica was limited bv two 
1000 

Gillete razor blades fixed to it, thus forming a slit with the stria in 
the middle, and its edges parallel to it It should be noted that 
this limitation of the field of view of mica is not sufficient to limit 
the aperture of the objective of the microscope, the full apertuie 
being always effective This was tested by the fact that the 
appearance of the stria, and its accompanying fringes was not 
changed by removing the razor blades Thus 0 could be deter¬ 
mined, if necessary The distance of the focal plane of the micro¬ 
scope from its aperture was D—=30'o ems and its width 2£=’20i 
cm. 

From equation (8) we see that 1 is a minimum when 


i C. V Raman and B N Banerjee- PhjJ Mag , March 19*1- 
* P N Ghosh Proc Roy Soc A Vol, 96, 1919 
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si is a minnmim From the nature of the si-function we 

therefore have for the first minimum value of intensity 

2 ir \ 

— H=2ir or = - , 

A C 

and the successive minima are situated at intervals of 2* 

Taking \=5Xio~ 5 cm approximately, as corresponding to 
the brightest part of the visible spectrum, wchave d the distance 
of the first minimum on either side from the darkest central mini¬ 
mum J given by 

j ,* r \ 5 * io~ fc K300 

d -( pD = - D = ~ --—= 0151 cm 

( 10 

As stated previously — 0 ( is not required for calculation in this 

particular case The following table shows the agreement to n 
close approximation between the observed and calculated values 


y=5 X lo~ 6 cm D=jo o cm 2f = 201 cm. 


Serial No 

1 

2 

3 


Observed distance between sue 
ceasive minima from central 
one 

014 

01 j 

014 ^ cm 

1 

On the other side J 

0.3 | 

014 

015 ' cm 


Calculated value = ors cm 

The central fringe was always found to be the darkest of the 
system as pointed out in the theory 

For the verification of the second case, such a stria was se¬ 
lected in the mica, which showed two steps close together, separat¬ 
ed by a bright region. The same high power objective was used 
as m the previous experiment, and the angle 20, was determined 
by measuring the distance between the edges m the focal plane 
of the microscope by the micrometer eyepiece, and dividing it 

2ir 

by D The following data were obtained' — flf—630 nearly 
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1 9 , t—4 o8j D=30 o cins , 2f=‘20i cm The method of illunu- 

nation was the same as in the previous case. 

We find from GlaUherS tables that the difference between the 
values of m (630) and si {600) is small enough to be negligible for 
our purpose, so for simplicity &c was taken equal to 600, and 
tf|f—4 approximately Pig. 7 shows the positions of maxima and 
minima for this case, The following table shows the agreement 
between the observed and calculated values — 

X 10 " ft cm 0 £= 600 approximately 

Serial No 

Observed distance between sue 0145 1 0145 * 0160 

reasive minima (on one aide) (very faint) 

On the other side 0145 0150 


Calculated valuer 0146 cm 

The distance between the geometrical images in the focal 
plane was 0195 cm and Z?=30 o cm 

It is to be noted that it was difficult to judge the point of 
critical focus, and very slight changes in the position of the focus, 
produced appreciable errors m the measurements taken The 
fringes were extremely fine, and the finite width of the moving 
wire of the micrometer also pioduced a slight error 111 the measure¬ 
ment Considering these facts, the observed and calculated values 
show a close agreement 

In both these cases, the diffraction pattern showed an asym¬ 
metrical character, the fringes 011 one side being clearer and more in 
number than on the other side This is not accounted for by the 
theory developed above, but nevertheless the theory explains the 
observed facts to a close degree of approximation 

For the third case, the boundaries studied were that of mixed 
plates formed of albumen and air bubbles 1 When these mixed 
plates are allowed to dry, the albumen forms narrow ridges, separ- 


C V Raman and B N Banerjee, loc cit. 
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a ted by broad air spaces on either side examined under the 
microscope, the ridges exhibited effects, which showed good quali¬ 
tative agreement with the theoretical results indicated in Figs, io 
and II No quantitative measurements were, however, taken in 
this case as the exact configuration of the ridges m to some extent 
still uncertain 

VII —Effects of Oblique Illumination. 

When a single stria is focussed under the microscope, its axis 
being horizontal, and the light being incident normally on it, the 
fringes on either side bordering the sharp black image of the stria 
are equidistant, the only difference being noticeable is in their 
visibility, they, on one side, in a particular case, on the left hand 
portion of the field of view being more clear than on the other 
As the whole microscope together with the stria is turned slowly 
towards the left, i e in the direction in which the fringes appar¬ 
ently appear sharp in the field of view, and its focus is kept unal¬ 
tered, so that light is now incident obliquely on the stria, it is 
seen that the distance between the consecutive fringes on the left 
increases, and they become broader and diffused, whereas the 
fringes on the right side appear to come closer together, and 
become more shaip and fine This phenomenon persists till the 
direction of the incident beam is very oblique 

When the whole microscope is turned gradually in the oppo¬ 
site direction, 1 e. towards the right, the fringes on the right hand 
portion of the field of view of the observer, become more distant 
and diffused, whereas on the other side, they come closer 
together, and become very fine and sharp. The same changes aie 
also noticeable m the case of a more complicated stria, consisting 
of more than one step, and the mixed plates mentioned above 
also show increased asymmetry with oblique illumination than 
with normal illumination. 

VIII. —Concluding Remarks. 

In his theory of the phenomena observed in Foucault's Test, 
Rayleigh 1 has investigated the distribution of intensity in the focal 
plane of an observing telescope, under various conditions of limit- 


i Rayleigh, Phil. Mag., Feb., 1917. 
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ations of apeituie of the objective, when a transparent object 
introducing a phase-retardation is viewed by the well-known 
' knife-edge 5 test The conditions involved in the theory of the 
method are not dissimilar to those obtaining in the theory of 
microscopic vision, and detailed analysis practically leads to the 
same results as the theory developed 111 the present paper. Both 
these theories, however, fail to explain the asymmetrical character 
of the effects actually exhibited in practice by laminar boundaries 
The assumption that the effect of a thin laminar boundary is 
merely to impose a simple paLh-retardation on a part of the wave 
front is probably not quite accurate The exact configuration of 
the laminar edge is undoubtedly of great importance 111 determin¬ 
ing the character of the light diflracted by it through large angles 
The influence of the shape of the laminar edge is particularly well- 
exhibitcd in the case of f mixed plates/ where the edges are drawn 
inwards under the action of surface-tension, and a considerable 
amount of light is scattered at these edges 

In this connection, mention may also be made of some ob¬ 
servations made by the writer on the effects of a certain type of 
fungus growth on optical glass, the edges of which exhibited the 
phenomena of laminar cliff 1 action exceedingly well. The fungus 
shows gorgeous colours, when examined by light scattered by it in 
different directions, the colour depending on the angle of diffrac¬ 
tion When a particular edge of the fungus was singled out for 
observation, it showed marked asymmeLry 111 its colours as ob¬ 
served from either side The influence of this asymmetrical 
diffraction on the microscopic appearance of the edges remains yet 
to be mathematically investigated. 

Another case of great importance in the theory of microscopic 
vision is that of lammary gratings, so far as the writer is aware, 
no attempt has been made to apply the rigorous theory of gratings 
as developed recently by Rayleigh 1 and Voigt 1 to the interpreta¬ 
tion of the microscopic appearance of grating structures. The 
writer hopes at an early opportunity to take up this problem 

The work was carried out in the laboratory of the Indian 
Association for the Cultivation of Science, and the writer wishes to 

1 Rayleigh, Scientific Papers, Vol. V, pp. 388-404 

1 Voigt, Gottingen Nachnchten, 1910. It may be mentioned that WolKke Lai 
dealt with the case of a 11 mpU lammary grating 
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XIV. On the Theory and some Applications 
of Sub-synchronous Pendulums. 
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IV —A simple Theory of Sub synchronous Maintenance 
V,—Discussion of the Mathematical Theory 
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I —Introduction 

When an iron rod swings as a pendulum over a vertical bar- 
electromagnet through which is caused to pass an electric current 
rendered intermittent by an interrupter, the pendulum is some¬ 
times found to be maintained in a state of permanent and vigor¬ 
ous oscillation against the natural dissipative forces tending to 
bring it to rest. The magnetic force docs not lend to displace the 
pendulum appreciably from its equilibrium position when the 
pendulum is at rest and so the peudulum requires an independent 
starting, generally with a large amplitude, from which it settles 
down to the amplitude requisite for maintenance 

The phenomenon was noticed and investigated mathematical¬ 
ly by the late Lord Rayleigh 1 for the case of a pendulum whose 
frequency was £ that of the interrupter Recent work by Mr 
Dey and Prof C. V Raman* has extended the limit of the 
frequency ratio to a wide limit, inasmuch as, the maintained 
oscillations of the pendulum may have a frequency which may be 
any one of the scries of fractions J-, J, i, etc., up to T > # of the 
frequency of the interrupter fork and the series is capable of being 


1 Scientific Papers, Also Theory of Sound, Vol I.p. 82 
1 Froc Roy Soc A , Vol 95, 1919 
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extended to still smaller ratios for the possible frequency of 
maintenance. These authors have further brought out certain 
interesting features in the working of the sub-synchronous pendu¬ 
lum, namely, the variation of the amplitude of the pendulum over 
the possible range of frequency of maintenance, the sequence of 
which is totally unlike the ordinary type of resonance curve of a 
simple vibrator under the action of a periodic force The paper 
quoted discusses the application of the pendulum to the absolute 
determination of acoustical frequencies and an Appendix to it con¬ 
tains the outline of the dynamical theory of maintenance It is 
proposed in the present paper (a) to test the exactness of the 
numerical ratios of the frequency of the pendulum and fork- 
interrupter and to make by chronographic methods an accurate 
determination of the frequency of the fork interrupter, (6) to 
give a simple explanation of the fact that the maintenance occurs 
in even submultiple ratios of frequencies and of the other features 
of maintenance observed by the present writer and (c) to test 
by actual measurements of energy losses and gains of the pendul¬ 
um on the theory of sub-synchronous maintenance given by Prof 
C. V Raman 

The experiments described in the following pages have been 
done with a pendulum 35 ems long with a heavy brass bob at¬ 
tached to it, the suspension for the pendulum being a loop of wire 
working 111 two wire hooks The electromagnet placed just below 
the pendulum rod had an iron core 12 cms. long and was fed by 
interrupted currents (1 2 amp ) from a fork of frequency -32 ~ 
The fork was maintained in successful oscillation for hours 
together by an electromagnetic arrangement, the sparking of it 
being smoothed by shunting a microfarad condenser across the 
spark gap, and submerging the mercury surface of the interrupter 
in a layer of absolute alcohol 

II — Chronographic Determination of Frequency 

It has been noticed in the introduction that for the main¬ 
tained oscillations of the pendulum its frequency may be any one 
of the senes of fractions etc., of the frequencies of the fork 

interrupter The exact equality of the ratio of the frequency of 
maintenance of the pendulum to that of the interrupter fork to one 
or other of the fractions mentioned may be demonstrated by 
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various methods, and it may be shown that the pendulum follows 
accurately even the slight variations in the frequency of the fork, 
caused by fluctuations in the room temperature. This has been 
done by Mr. Dey in the paper quoted by three methods (i) by 
comparison with standard pendulum clock by visual observation of 
coincidences , (11) by comparison with the ticks of a half seconds 
standard chronometer, (111) by allowing the sub-synchronous 
pendulum to run the hands 111 a clock dial of which the rate can 
be determined against a standard time keeper 

The present writer has adopted another method which is 
slightly more elaborate but is nevertheless easy to work and yields 
accurate results The frequency of the fork is determined accu¬ 
rately by finding the exact timein which the sub-synchronous pen¬ 
dulum executes, say, one thousand oscillations, this is done with 
the aids of the tune signals given by the pendulum on a chrono¬ 
graph tape at the beginning and at the end of an'interval of few 
minutes The seconds-pendulum of the Electric-Master-Clock 111 
the Laboratory furnished an excellent standard being previously 
rated to keep time accurate to a second a day. The hammer 
attached to its mechanism, by half-minute impulses kept the 
pendulum in oscillation and the time was indicated by correspond¬ 
ing half-minute ticks In order to get seconds-signals on the 
chronograph, ail electric circuit through the pendulum rod was 
arranged which was completed tn each swing of the pendulum by 
a platinum wire pmned to the bottom of the pendulum rod mak¬ 
ing contact on a mercury cup placed at the centre of swing A 
similar electric circuit was arranged for records of the half periods 
of the sub-synchronous pendulum The chronograph recorder 
supplied by the Cambridge & Paul Instrument Co , Ltd , had ink 
styles worked by relay circuits and the moving tape could be 
started and stopped by the action of a lever 011 the revolving 
gear 

The experimental piocedure is simply to gel a tew records ot 
the pendulum and the standard clock side by side on the chrono¬ 
graph tape just when the clock hammer once drops, then wait for 
the next 22nd drop, when a few records are again taken. Thus 
there is a dear interval of n minutes between the successive 
records at the beginning and at the end The chronograph gear is 
usually started earlier than the appointed time, so that the inter- 
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val between dropping of the hammer and working of the lever is 
practically negligible The temperature of the fork under obser¬ 
vation is recorded by a sensitive thermometer placed midway 
between the prongs of the fork The values thus obtained of the 
temperature, though they might differ slightly fiom the actual 
tempeiature of the fork itself, have been taken to be correct, as not 
lnuch deviation from the mean valve was observed during a single 
expci iment 





Tabtr I 



Serial 

number 

of 

observa¬ 

tions 

1 

Frequency- 

ratio 

Observed 
correction 
from rc- , 
cord (Sec ) | 

1 

Tempera¬ 
ture of fork 
(degree? 
cent) 

] 

1 

Calculated 
frequency of 
fork 

Frequency of 
fork reduced 
to 26’C 

1 


— 0 063 | 

20 

1 

j 32 001*2 

1 

M 99995 

1 

2 

! '/bo 

—0 211 

2 $ 4 6 

i 

1 33 00113 

1 

1 31 99987 

3 


— 0 246 

1 

, 2 5 92 

1 

31 99998 

' 11 99996 

1 

4 

1 

+ n 002 

1 

26 00 

31 99990 

1 

1 31 90990 

5 

Vm 

| -0054 

I 

I 2fi 20 

31 99956 

l 

li 99991 


Table I shews a few results of determination of the frequenc\ 
of an aluminium fork (of frequency 32 - ) while maintaining in sub- 
synchronous oscillation a pendulum (of length 35 cms.) It will 
be noticed that working with three different frequency ratios and 
five independent positions of the bob, it is possible to get the 
frequency of the fork Correct to a few parts in a million 

The method of calculation was as follows—The loss or gain of 
the clock for an integral number of oscillations of pendulum was 
measured from the cross-marks on the records at the beginning and 
at the end Thus the time for a complete number of oscillations of 
the pendulum was known To obtain the whole number of oscill¬ 
ations of the fork during the interval, the loss or gain in sec (the 
correction term in Table I) was divided by the rough period of the 
fork (0 031 sec ) and the integral part so obtained was added to or 
subtracted from 21, 120 (the number of oscillations of the fork in 
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II min,) according as the pendulum gained on the clock or the 
clock gained on the pendulum 1 

III. —General Characters of Sub-synchronous Main¬ 
tenance 

With the experimental arrangements adopted, maintenance 
la obtained with amplitudes so large that the ordinary theoiy 
of small oscillations is not applicable Moreover, the remark¬ 
able result is that v\lnle maintenance has been obtained at a large 
amplitude and the pendulum is released (e g , by a sudden push 
to one side), it is not £ caught' at the amplitude at which it 
was maintained origmall} and the pendulum after executing a 
number of damped oscillations, is again caught at a smaller am¬ 
plitude E g. it has been noticed that while the maintained ampli¬ 
tude was 49 0 and the pendulum made 150 oscillations in 85 1 sec 
being released, it was again maintained at 35 0 Auth 150 oscilla¬ 
tions 111 82 4 sec. and then again at io° with 150 oscillations in 
8 o' 4 sec This point has been tested carefully with various otliei 
positions of the bob leading to the general result that mainte¬ 
nance is possible with two or thiee amplitudes when the natural 
frequency of the pendulum and that of the interrupter are not 
interfered with 

Maintenance of a pendulum in sub-synchronous oscillation is 
generally obtained with amplitudes ranging between io° and 6o° j 
with the experimental arrangements adopted , as ior amplitudes 
less than io°, the pendulum departs much from the plane of its 
motion, being often irregular apparently due to the proximity ol 
the metal rod in vibration in the magnetic field and the conse¬ 
quent unavoidable generation of eddy currents 111 its mass The 
manner in which the amplitude of the forced oscillation of the 
pendulum varies by varying the position of the bob 111 the lod so 
as to alter its natural period of oscillation shows the peculiarity of 
increasing continually to a large value as the position of the bob 
in the rod is raised till a stage is reached at which the pendulum 


1 AnoLher procedure is, ol course, to divide the corrected tune by the period of 
the pendulum, determined sufficiently accurately by means of a stop watch, 
and multiply the Integral number so obtained by the denominator in the frequency 
ratio, determined from a knowledge of tbe periods. 
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refuses to be maintained. This is followed by another region of 
maintenance, and so on. 

As illustrative of the nature of variation, some results ob¬ 
tained by Mr Dey are quoted below. 1 The writer will have occa. 
sion to refer to them in a later section, as leading to a qualitative 
support of his theory. 

Table II. 


Frequency- 

ratio 




f 

i 


.4 


free period of the 
pendulum 

19 4 

19 6 

19 B 

-- 

period of the fork 

20 20' 1 

Amplitude of forced 
oscillation 

40° 

32° 

*4° 

i8° I4 0 

free period of the 
pendulum 

21 5 

9T U 


22 4 

period of the fork 



Amplitude of forced 
oscillation 

44° 

3*° 


12° 

free period of the 
pendulum 

215 

23 8 

14 

14 ft 

period of the fork 



J 4 u 

Amplitude of forced 
oscillation 

46' 

32° 

24° 

H° 

free period of the 
pendulum 

IJ'B 

2b 

26 s 

27 

period of the fork 


Amplitude of forced 

1 oscillation 

1 

4 U ° 

32° 

1 6° 

8° 


Still another result of interest in the maintenance to be noted 
is the relation between the period of the pendulum while vibrat 
mg freely m the field of gravity and the periods of maintenance with 
different amplitudes The experimental results obtained point to 
the fact that the free period of the pendulum is decreased by the 
presence of the electromagnet. 


1 The figures in Table II are roughly gathered from fig. i, p 536, Proe. Roy. 
Soc. A Vol. 9J, 1919 
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Fig. 1 shews the free and forced periods of oscillation plotted 
against successive amplitudes The free period of the pendulum 
at a definite amplitude was determined by taking the mean value 
of the time for a number of oscillations while the pendulum was 
executing damped oscillations about the amplitude in question 



The foiced periods represent the periods of maintenance obtained 
at different amplitudes by loading the fork with small weights so 
as to alter it« frequency It will be noted that the free and forced 
periods do not diffei much, a result of much theoretical signi¬ 
ficance, as will appear from the discussion of theory given later on 
Lastly, it may be remarked that the difficulty sometimes 
experienced in getting maintained oscillations of the sub-synchro- 
uous pendulum, is attributable to the want of exact phase relation¬ 
ship between the oscillations oE the pendulum and that of the 
magnetic field. Experience shews that maintenance is most likely 
when the pendulum receives the least jerking when passing over 
the electromagnet, thus shewing that it passes its equilibrium 
position a little before or after the maximum phase of the field 
The actual phase difference has been studied for a number of 
cases, by recording on a moving photographic plate the oscilla- 
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tions of a steel blade by reflecting a spot of light from a small 
mirror fixed on to it The blade is fixed horizontally in the neigh¬ 
bourhood of the electromagnet by a bifilar suspension under ten¬ 
sion, adjusted for resonance The pendulum while passing 
through its equilibrium position occults the moving spot of light 
The actual phase difference can then be measuied from the occul- 
tation phase,—knowing that the oscillations of the spot of light 
follow those of the field by quarter of an oscillation Thus it has 
been found that the difference of the phases ot the pendulum and the 
field which is almost zero for small amplitudes becomes greater and 

gieater till it attains the value ^ for very big amplitudes of main¬ 
tenance 

IV .—A Simfik Theory of Stjb-synchronoijs Maintenance 

That the behaviour of the pendulum m sub-synchronous oscil¬ 
lation is unlike that ot a vibrating system which when acted on 
by a periodic force, ultimately vibrates in a period the same as 
that of the force, is apparent, but the analogy becomes clear and 
close on consideration of the fact the difference m the present 
case is due to the adaptability ot the pendulum to the low period 



FIG,2. 

Fig 2 


of the fork interrupter limited by the range of adjustment of the 
period of the pendulum to the case of exact synchronism, and 
thus the peftdulum vibrates so as to be synchronous with an even 
multiple of the period of the fork to which it happens to be near 
by reason of its own limited free period. Why the multiple is 
always even will appear from considerations given below. 

As a characteristic of this form of forced oscillation, it will 
be sufficient to remark that previous to the stage of steady main- 
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teuance, the vibration is intermittent with beats whose frequencies 
equal the difference of the frequencies of tlic system and the force. 

As the frequency of the fork interrupter and lienee of the 
periodic field is fairly high m comparison with that of the pen¬ 
dulum, we might consider "the impulses received by the end of the 
pendulum rod as sudden enough to be represented to have taken 
place while the pendulum is in isolated positions on its arc of 
swing XI 3 AY (fig 2) separated by finite intervals, equal to the 
period of interruptions, such as A } , A lf A it _ lt A n A m ; B, 
, B % ,.... 1 B b _ 2 , B n _ [ , B n . XEY represents the limited region 
within which the attraction of the Electromagnet is perceptible,— 
usually small in comparison with the big amplitude of maintenance 
obtained in practice 

The conditions requisite for maintenance, in view cf the fact 
That a balance of impulse must be earned forward by the pendu¬ 
lum on both ways of its moLion, through the zone of electro¬ 
magnetic attraction, may thus be found out It might reasonably 
be assumed that the attractions by the electromagnet of the 
pendulum rod are symmetrical 1 about EO t and fall off gradually 
111 intensity till they vanish at X and Y Further if for the posi¬ 
tions A and A { , B and B, , 0 A { > OA and 0 B l > OB, the 
cumulative effect of impulsive attractions of gradually increasing 
intensity received in positions # h ^ 1f B h and A outweighs the coun¬ 
ter attractions received in posititfns A lt A sl1 A a , and a balance of im¬ 
pulse is carried forward. Similarly for motion of tlic pendulum 
towards Y, an identical state of things happen if BO = OA I11 
actual practice, the numbei of positions included within the zone 
of electromagnetic attractions arc few (not more than four in all) 
and so the case is much simpler than that discussed here 

The number of A u A if . A n and B {J B a , , B n positions 
are evidently equal from symmetry and is each an integer (i, 2, 
3, etc ) depending on the actual angular amplitude at which main¬ 
tenance is obtained Thus taking the two positions A and B 

1 That the impulses received by Lhe maintained pendulum arc of the nature 
contemplated, may be gathered by suspending the pendulum from the suit of a 
projecting wooden beam, when the rhythmic character of the reactions oi» the 
support due to symmetrical Impulses, would be plainly heard on putting the ear 
close to the projecting end of the beam, to afford a striking contrast to the irregu¬ 
lar jerking at stages when maintenance is not obtained. 
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into consideration, the total number of such positions in a period 
of the pendulum is 2»+2; which is always even Thus main¬ 
tenance is obtained only for even submultiple ratios of the periods 
of the field and of the pendulum and hence of their frequencies 

• 

Frequency ratio and amplitude 

From the conditions already obtained for maintenance, it fol¬ 
lows that the frequency of the interruptions being kept constant, 
maintenance might be obtained of the same pendulum at various 
amplitudes so as to altei the frequency ratio by successive addi¬ 
tions or subtractions in its denominator of the number 2, as we 
can make additions or delete equal portions of the arc XBA Y 
(fig 2) from its ends so as to include or exclude every time a 
single position of the pendulum on each side, without interfering 
with the maintenance. These deductions of theory fully explain 
the tacts of observation already noticed that maintenance might 
be obtained of the same pendulum for two or more amplitudes, 
the actual drawback in obtaining the theoretically great number of 
such maintenances lies in the fact that the phase of passage of the 
pendulum in relation to the periodic magnetic field differs for differ¬ 
ent angular amplitudes of maintenance, thus necessitating a read¬ 
justment of the positions of affairs within the zone of the electro¬ 
magnet, and making actual adjustment for maintenance a matter 
of chance. 

Free period of the pendulum and amplitude 
The experimental results obtained as to the variation of am¬ 
plitude of maintenance for the same frequency ratio admits of a 
simple explanation in the light of the theory indicated above The 
general results obtained both by the author and Mr Dey, shew 
the increase of amplitude for decrease in the free period (Vtde 
Table II) The period of the interrupter remaining the same, it 
would follow from fig. 2, that if the period of the pendulum be 
increased the actual distances between consecutive positions A x > 
A %t A ir etc., must decrease, to keep the number of such positions 
to a defined integral value for the same frequency ratio; thus de¬ 
creasing the amplitude for maintenance 

Phasfriifferenee between the field and the pendulum 
In the diagrammatic scheme (fig. 2) we have assumed that 
O, the position of equilibrium of the pendulum lies assymmetrically 
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with regards to positions A and A { or B and B ,, 01 in other words 
the pendulum passes its equilibrium position, asymmetrically 
with regard to two successive positions of maximum magnetism 
Photographic studies of phase confirm these hypotheses, as assym- 
mctry is considerable for comparatively large amplitudes of main¬ 
tenance As regards small amplitudes of maintenance the assym- 
rnetry is less marked and the pendulum passes its equilibrium 
position at about the midway between two maxima These facts 
explain to a great measure, the slight attractive forces of the 
electrpmagnet for smaller amplitudes and greater attractive for 
bigger amplitudes, thus making the decrease in the free period 
nearly the same for bigger than as for smaller amplitudes as in 
fig. 1 


V.— Discussion op the Mathematical Theory. 

It has tacitly been assumed 111 developing the theory already 
given that the energy lost by dissipation is just compensated by 
the flow of energy from the field The dynamical theory given 
by Prof. C. V. Raman admits of quantitative evaluation of the 
flow and the loss by dissipation The system having one degree 
of freedom its equation of motion is written in the form 

9 + k 6 + [n % -'rP + f{t)F[ 6 )] 6 = 0 .... (I) 

Now assuming the maintained oscillation of the pendulum to be 
represented by 

f = +i sin {pi + t,) . . (2) 

it can be easily shown that the rate of loss of energy due to dissi¬ 
pative forces 

=- 2 W* i*< - -. - (3) 

and the energy which flows from the field to the pendulum, on 
the assumed mode of vibration in which »»= 2 sp, where S is an 
integer, 


where 





[ sin (a£^WI) 

2 p + m 


T cos 7 
P 


cos (2 p-tn)T sin 
2 p-m 
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<f> being the angular distance within which the force or the electro¬ 
magnet is perceptible The constants in the expressions (3) and 
(4) may be determined in the following way 

K .—The logarithmic decrement of oscillations of the pendulum 
is determined, while it is being damped by the interrupted field 
of the magnet about the amplitude at which maintenance is 
obtained K is known from the relation log-decrement KT , 
where T is the period of the pendulum for the amplitude of main¬ 
tenance. (The logarithmic decrement instead of being found by 
the tedious process of recording successive amplitudes, is deter¬ 
mined quickly without seriously affecting the accuracy from the 

time (i) in which an amplitude falls to its value, the log-de- 

c 


crcinent being then equal to 



p and *, are given by -; and the circular measure of the 

period 


amplitude respectively 

yF( 8 )—to one end of a spring (a hack-saw blade) a few cms. of 
the pendulum rod is fixed by soldering (the frequency of the com¬ 
bination being about 60 per sec) This is clamped in a vice and 
hangs over the electromagnet, with the rod in position of the pen¬ 
dulum The interrupter being worked the amplitude of oscilla¬ 
tion of the spring is measured on the scale of a microscope fo¬ 
cussed onto a fine luminous point on the rod The deflecting force 
corresponding to the amplitude is measured by deflecting it stati¬ 
cally by known weights placed on a scale pan attached to the pen¬ 
dulum rod by a string passing over a pulley. The actual value of 
the deflecting force or in other words, the amplitude of the oscil¬ 
lating spring varies slightly with different angular positions of the 
spring with respect to that of the electromagnet, and the mean 
value of several such deflecting forces is taken as the measure 
for yF($) 

*!—Determinations arc made as described in Section 3, page 149 


p and m - — being equal to the 1 frequency ratio' of maintenance 

99 % 

is known by determinations of the period of the pendulum that of 
the interrupter being known from previous determinations. 
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I j (p 

T is calculated from the rehtion T— - sm 1 — where <p is de- 

P *1 

termined approximately by deflecting the pendulum by weights 
attached to the end of a string passing over a pulley, while (i) the 
inteirupter is working, (11) the interrupter is not working The 
meeting point of the two curves to represent the deflecting weight 
against deflection, on the same scale gives the value of Thus 
it has been calculated that for the case 01=^36 p . 


Amplitude of mainten 
ance 

39° 

22 ° 

12 ° 


Energy lost by dioaipation 
in ergs per sec 
o 231 
0071 
00x6 


Energy gained from field 
In ergs per sec 
o 264 
0082 
n 020 


VI.— Summary and Conclusion. 

1 The maintained oscillations of a subsynchrouous pendulum 
which was noticed and investigated by Lord Rayleigh and later 
by Mr Dey and Prof C V Raman, have been studied with a 35 
cms. iron-rod pendulum and an interrupter fork of frequency 32 

2. The exact equality of the ratio of the frequency of main 
tenance of the pendulum to that of the interrupter fork to one or 
other of the 1 frequency ratios * for slight variations in the temper¬ 
ature of the room, is established by measurement of the absolute 
frequency oF the fork by chronographic records 

3 Some of the characteristics of subsynchronous mainte¬ 
nance are— 

(a) maintenance of subsynchronous pendulum may be ob¬ 
tained at two or three difierent amplitudes, when the position of 
the bob on the pendulum and the frequency of the interrupter are 
not interfered with 

(b) maintenance is not possible for very large and for very 
small amplitudes. 

(c) the free and the forced period of the subsynchronous pen¬ 
dulum for different amplitudes, obtained by altering the frequency 
of the interrupter differs but slightly from each other, the differ, 
ence being the same for big as for comparatively small amplitudes. 

(1 i ) Results obtained by altering the position of the bob on the 
other hand, shew increase of amplitude of maintenance for decrease 
in the free period. 
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(«) A method has been developed for determining by pho¬ 
tographic record, the phase of passage of the pendulum through 
its equilibrium position in relation to the periodic magnetic field 
The phase-angle is almost zero for small amplitudes and attains 


the value - for very big amplitudes 


4. From a simple theory of subsynchronous maintenance 011 
the basis of the impulsive nature of the attraction of the electro¬ 
magnet on the pendulum and the limited zone of action of the 
electromagnet through which energy required to counteract dissi¬ 
pation is supplied, the condition requisite for maintenance is found 
to be that the two consecutive attractions near the equilibrium 
position of the pendulum are asymetne about the mean-position 
The theory explains primarily the even submultiple ratio of fre¬ 
quencies necessary for maintenance. It explains the facts of ob¬ 
servation 111 3(a) and 3 (d). The assumed asymmetry of theory is 
brought out by the phoLographic records of phase and the nature 
of asymmetry observed explains the result noticed under 3(a). 

5 The expressions of the mathematical theory for the dissi¬ 
pation and the flow of energy from field, have been evaluated for 
a few cases and there is a fair agreement between the two values. 

The work was earned on in the Laboratory of the University 
College of Science and the writer, in conclusion, wishes to express 
his best thanks to Prof. C. V Raman for suggestions and guidance 
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I —Introduction 

In the volume of collected papers on Acoustics by the late Prof. 
W, C Sabine published recently by the Harvard University, there 
is a very interesting article on 'Whispering Galleries' in which the 
architectural and acoustical features of several remarkable struc¬ 
tures in Europe and America have been discussed No mention 
is however made of whispering galleries in other parts of the world 
Among the Indian whispering galleries the most notable, archi¬ 
tecturally and acoustically, is the great Gol Gumbaz at Bijapur 
In the Victoria Memorial recently completed at Calcutta, there 
are two very fine whispering galleries, one of which, curiously 
enough, remained unsuspected till it was discovered by the writer. 
There is also another whispering gallery at the Calcutta G P.O., 
also first noticed and studied by the writer. The acoustical pro¬ 
perties of the building known as the Government Granary at Banki¬ 
pore in Patna District are also of much interest The present paper 
contains a description of these whispering galleries. Other acousti¬ 
cal curiosities, such as Sekondar’s tomb at Fatehpur Sikri near 
Agra, have been brought to the writer's notice, but they are not 
here discussed. 
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While m England m the vear iqar, the writer in collaboration 
with Mr. G A. Sutherland of the University College, London, had 
an opportunity of carrying out a study of the well-known whisper¬ 
ing gallery in the Dome of St Paul’s Cathedral at London, and 
the results of the investigation showed the presence, with a steady 
source of sound, of an interference-field in the gallery with radial 
and circumferential nodal lines. 1 The comparative study of the 
three whispering galleries at Calcutta conveniently accessible to the 
writer has brought to light some further facts of interest relating 
to these structures These are also discussed in the paper. 

II —The Gol Gumbaz at Bijapur (See Plate X ) 

,f Transcending all other buildings at Bijapur in simple mass, and 
dominating the landscape for miles around, the great Gol Gumbaz 
or tomb of Sultan Muhammad, 1 stands alone (Plate X) For size, 
few other buildings in India can be compared with it Its noble 
proportions and magnificent dome are only seen to the fullest 
advantage from a distance When close up to it, the dome seems 
to sink into the building, and to require an intermediate terrace 
or storey to raise it into full view A few extra feet here would 
certainly have impioved the general design, even when viewed 
from further off The impressive grandeur of the building and 
its imponderable mass simply overwhelm the spectator with awe. 
It stands in the extreme east end of the city, its massive basement 
resting upon the solid rock. The vast mausoleum stands out with 
most striking effect when viewed, as Muhammad himself must 
often have seen it, fiom the upper liall of the Athar Mahall, when, 
backed by great storm clouds, the low western sun suddenly bursts 
through a rent and illumines the great building It then flashes 
out into brilliant contrast against the rolling masses of angry 
black clouds; the mellcw tints of its walls aie bathed in a golden 
glow, and the great dome shines like burnished brass. Under all 
this glory peacefully repose the remains of Sultan Muhammad. 

Kmg Ibrahim, his father, had raised the beautiful pile of the 
Ibrahim Rauza, which was the last word in decorative and luxuri¬ 
ous magnificence. It was impossible for Muhammad to go further 

I Nature, Sept 1931, and Proc Roy. Soc. 1931 

■ King of Bijapur In Southern India, seventh of the Adil Shah! Dynasty, from 
1627 to 1656. 
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upon the same lines, so he struck out in a different direction alto¬ 
gether, and endeavoured to dwarf it, and everything else, by 
stupendous mass; and this he certainly accomplished. The Go 1 
Gumbaz is the antithesis of the Ibrahim Rauza m that the strong 
virility of conception of the one contrasts with the delicate femi¬ 
ninity of the other His reign of thirty years, however, was not 
sufficient wherein to fully complete the building, for he seems to 
have died while the plastering of the walls was in progress, and 
it was no one else’s business to complete what he left unfinished 
One cannot help wondering what new departures would have 



Fio i The Gol Gumbaz at Bijapur (Architectural Drawing) 

been made in the further development of Bijapur architecture 
had the dynasty lived and flourished another hundred and fifty 
years, for they were daring builders. 

" A glance at the plan (Pig i) of the Gol Gumbaz shows what a 
simple building it is for all its size—just a great square hallj 
enclosed by four lofty walls, buttressed up by octagonal towers at the 
corners, and the whole surmounted by a hemispherical dome. 
The great size of the dome, and the neat and perfect manner in 
which, by means of cross arching and pendentives, the square 
walls have been worked up to meet it, are the most notable features 
of the building. The extreme outside measurement of the mauso- 
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leum including the towers is 205 feet square. The extreme height 
to the apex of the dome from the base of the building is 198 feet 6 
inches; the exterior diameter of the dome is 144 feet while the inte¬ 
rior diameter, measured 124 feet 5 inches, and the great hall, 
below, with no intermediate supports of any kind, inside its walls, 
is 135 feet 5 inches square. The interior height, from the level 
of the floor, around the tomb platform to the top of the dome is 
178 feet Within the base of the dome is a broad gallery, 11 feet widc f 
which hangs out into the interior of the building, 109 feet 6 inches 
above the floor. Narrow staircases wind up through the corners 
of the building where the towers join it, and passages lead out 
from them on to each of the pigeon-holed storeys of the towers 
In the centre of the floor of the hall is a high platform upon which 
are the counterfeit domes, the real graves being in the vault under¬ 
neath which extends over the whole length and breadth of the hall 
“ Each of the four walls of the building had been raised as 
three great arches, the central one being wider than the two side 
ones, and these have been filled in with rubble masonry in the 
side ones, and cut-stone in the central one On the north side, 
however, the central archway had been left open, or had been 
subsequently opened, as a small cbapel or chamber has been built 
against the wall here as an annexe, communicating through the 
arch with the great hall within. In the central archways of the 
other three sides are the doors and windows; but, even here, the 
filling in above the windows can only be called crazy or patchwoTk- 
masonry. The masonry of the great dome may be looked upon 
as practically concrete it being composed of bricks in mortar, the 
thickness of the shell varying from ten feet at the springing to 
nine feet near the crown It is thus a great rigid concrete shell 
without voussoirs, and, consequently, with practically no side 
thrusts of any kind so long as it remains intact It is a dead 
weight acting vertically downwards partly upon the cross arching 
within and partly upon the side walls just as an inverted china 
basin would act upon the upper edges of a cube upon which it 
might rest. Being built in this way, with ring upon ring of thick 
brick work, each corbelled forward until they close at the apex, 
it la probable that no centering or support was needed beneath it 
during construction, except, perhaps, for a small section near the 
crown, which would have been supported by that part of the dome 
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already built An outward thrust that could possibly come upon 
the side walls would be amply neutralised by the weight of the ma- 
tenal in the pendentives which hang over inside the building. 

"This system of pendentives is, without doubt, the most 
successful and most graceful method of construction for such 
domes It obviates any interference with the external contour 
of the dome, and adds, at the same time, a very pleasing feature 
to the interior—the interlacing or groining of the arches. The ten¬ 
dency of the dome to spread at the base, which is counteracted by 
the pendentives and great mass of masonry thus thrown into the 
interior of the building, was guarded against, m case of the Pantheon 
at Rome, which possesses a dome of greater diameter, by the heap¬ 
ing up of masonry upon the haunches of the dome outside, thus 
destroying its beauty of outline 

‘ The great hall below, which is covered by the dome, covers 
an area of 18,337 ^7 square feet, from which if we take 228*32 
square feet for the projecting angles of the pieis carrying the cross 
arches, which stand out from the walls into the floor, two on each 
face, we get a total covered area, uninterrupted by supports of 
any kind, of i8,log*35 square feet This is the largest space cov¬ 
ered by a single dome in the world, the next largest being that 
of the Pantheon at Rome, of 15,833 square feet. If we add the 
pendentives tot he actual dome, to which they naturally belong 
as part of the superstructure, this then becomes the greatest dom¬ 
ical roof in the world. 

“But, was not this great dome, after all, but an after¬ 
thought?.Before the walls of the Gol Gumbaz had risen 

many feet, it would seem that the plans were altered. The daring 
spirit of the architect, urged on perhaps by Sultan Muhammad 
himself, incited him to attempt the more stupendous task of hanging 
a mighty dome right across the whole expanse of the onter walls; 
and it seems almost incredible that the man who conceived, and 
carried to such a successful issue, this magnificent project, should 
have passed into oblivion; his very name is unknown. 

“Another remarkable feature in the building is its whisper¬ 
ing gallery, which runs round, inside the dome, at its base. 
Access is gained to it from the terraced roof around the base of 
the dome, by eight small door ways through it. As may be seen 
from the section (Fig, 1) it hangs out into the building, being 
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supported upon the crowns of the cross arches below; and it is 
about eleven feet wide, inside the low parapet wall which protects 
it. On entering the building a person is struck by the loud echoes 
which fill the place in answer to his footfall; but these sounds 
are intensified on entering the gallery. The footfall of a single 
individual is enough to wake the sounds as of a company of per¬ 
sons, and, in response to ordinary conversation, strange weird 
sounds and mocking whispers emanate from the wall around 
Loud laughter is answered by a ^eore of friends safely ensconced 
behind the plaster The slightest whisper is heard from side to 
side, and a conversation may be easily carried on across the dia¬ 
meter of the dome, in the lowest undertone, by simply talking to 
the wall, out of which the answering voice appears to come A 
single loud cl^p is distinctly echoed ten times " 

The foregoing description extracted from the volume on Bija- 
pur architecture by Mr. Cousens published in the Indian Archaeo¬ 
logical Survey series makes it clear that the whispering gallery at 
the Gol Gumbaz is a very remarkable one. The present writer 
has not yet had an opportunity of visiting it but hopes it will 
soon arise. It is clear that the architectural features of this 
whispering gallery are distinctive, situated as it is at the foot 
of the dome itself, instead of in a drum below it as at St Paul's, 
and a fuller study of the acoustical results following from this fea¬ 
ture would be well worth while. Judging from the case of the 
whispering gallery at the Victoria Memorial, Calcutta, to which 
reference will be found below, it is not improbable that in addition 
to the usual circumferential propagation of sound-waves round 
the gallery, there will also be found a local concentration of sound 
at the further end of the diameter at which the source is situated 
Mr. Cousen's description indeed suggests that such an effect is 
present in a notable degree 

III — The Victoria Memorial at Calcutta. (Plate XI.) 

The Hindu and Moslem Rulers of India left behind them 
great architectural monuments which impress the imagination of 
the beholder, and, in not a few cases, are gems of perfection which 
command the admiration of the woild, e g, the Taj Mahal 
Though not on the same level as these triumphs of indigenous 
art in greatness of conception or execution, the Victoria Memorial 
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recently completed at Calcutta, may, nevertheless, claim to be the 
most remarkable building of any erected in India during the 
yeais of British Rule and it is certainly an ornament to the " City 
of Palaces " Occupying a privileged position intheMaidanor open 
space between Port William and the city, this edifice of white 
Indian marble with its dome and winged statue of victory crowning 
all, catches the eye from afar and is a worthy monument of the 
reign of the Queen whose memory it seeks to perpetuate The 
building took twelve years to construct and cost over half a million 
sterling It is intended to be a treasure-house for historical paint¬ 
ings, sculptures, and other relics, and stands in extensive grounds 
which are being laid out as a public garden with ornamental tanks 
and bridges 

Going up by the grand stair-case facing the Maidan towards the 
Ochterlony monument, and passing through the portico and en¬ 
trance room, the visitor finds himself in the circular Queen's hall 
which stretches up from the floor to the base of the inner dome of 
the building In the centre of this stands the statue of the young 
Queen Victoria Some 35 feet up from the floor is a gallery 
with its walls forming a dodecagon and above this, on the wall, 
twelve semi-circular spaces covered with paintings representing 
her life Still higher, some 95 feet from the floor, is a second 
circular-gallery four feet broad which lies just at the base of the 
inner dome and is surrounded by a marble railing. The circular 
wall of the gallery here has a very decided slope inwards and is 
interrupted some few feet above the floor of the gallery by seven 
great circular windows which are visible from outside and by the 
opening for the stair-case by which admission to this gallery is 
obtained. An opening is also provided above by which it is easy 
to enter the space between the two domes and pass round it by a 
circular foot-path. The inner dome is open at the top to which 
access can be obtained by stairs. These features are indicated in 
the architectural section in Fig. 2. 

The circular gallery at the base of the inner dome, and the 
space between the two domes form two very perfect whispering 
galleries, the former of which was first discovered by the writer. 
The diameter of the former is 39 feet and ot the latter 56 feet. 
Their special acoustical features have been studied by the writer 
and will be referred to more fully in Section V below. 
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IV.—The Granary at Bankipore (Patna) (See Plate XII) 

"At once the most prominent and the most curious building 
in Bankipore is the old Government Granary known as the Gola. 
This is a brick building, 96 feet high with walls 12 feet thick at 
the bottom, built in the shape of a beehive or half an egg placed 
on end, with spiral two stair-cases on the outside winding to the 
top ; it is said that Jang Bahadur of Nepal rode on horse-back up 
one and down the other This dome shaped structure was erected 
sixteen years after the great Famine of 1770, as a store-house for 
grain, it being intended that the grain should be poured in at the top 
and taken out at the bottom through the Small door there. Owing 
to a curious mistake on the part of the builders, these doors were 
made to open inwards The following inscription is on the out- 

su ^ e " No. 1 In part of a general plan ordered by the 

Governor-General and Council. 20th of January, 1784, 
for the perpetual prevention of Famine in these pro¬ 
vinces, this Granary was erected by Captain John Garstin, 
Engineer Completed the 20th of July, 1786 First filled 
and publicly closed by-” 

The store-house has never been filled aud so the blank m the 
inscription still remains, while the opening at the top is closed by 
a great stone slab- It stands to this day the monument of a mis¬ 
take During the famine of 1874, a quantity of grain, which, if 
left at the railway station might have been injured by the rain was 
temporarily stored there, and in times of scarcity proposals are 
still made to fill it with grain. But the loss from damp, rats and 
insects renders such a scheme of storing grain wasteful and im¬ 
practicable This building, once intended to meet the requirements 
of the whole district in time of famine, is now only useful as u 
store-house for furniture It is chiefly remarkable for its reverbe¬ 
rating echo, which answers to the slightest sound, a whisper at 
one end being repeated at the other. It is a landmark for a 
considerable distance along the river and commands a fine view 
of the surrounding country.” 

The foregoing description is taken from the Patna District 
Gazetteer. In September 1922, the writer paid a brief visit to 
Bankipore and looked over this building, but had no time to make a 
thorough scientific examination of its acoustics. This is obviously 
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a task that ought to appeal to the physicists at the local University 
of Patna. The most striking acoustical feature that was noticed 
by the writer was the return of the sound from the walls of the 
building as a surprisingly loud single echo when the observer 
stood at its centre and uttered a syllable or two. This was evi¬ 
dently due to the curved walls acting as a concave mirror focussing 
the sound at the same point as its origin When the observer 
moved away from the central position, the simple return of sound 
gave place to a multiple echo 

The interior of the building is rather gloomy, as it is lighted 
only through the four doors in its massive brick walls Inside, 
the brick work is bare, and has not been plastered over. The 
surface of the wall is thus not particularly smooth An attempt 
to carry on a conversation in a low undertone with another ob¬ 
server situated 90° off along the curved wall was only partially 
successful. A further thorough study of the acoustics of this struc¬ 
ture would be well worth while in order to explain the formation of 
thr curious echoes heard in it. 

V—Whispering Gallery at the Calcutta General Post 
Office (See Plate XIII.) 

This gallery whose acoustical properties were first discovered 
by the writer merits a brief description The General Post Office 
is the most imposing budding amongst the many stately piles that 
suriound Dalbousie Square at Calcutta. It is crowned by a dome 
set on a high cylindrical drum, the upper part of which is occupied 
by a row of windows which illuminate the building , the lower part 
of the drum consists of a perfectly vertical smooth circular wall 
some fifteen feet high. This is provided with a gallery four feet 
broad to which admission is obtained through a single door, which 
opens in from the terrace of the building. The diameter of the 
gallery is 57 feet Immediately below the gallery is the public 
rotunda. Unfortunately owing to the location of the building and 
one side of the rotunda being open towards Dalhousie Square, the 
drUm of the dome is full of the hum of public traffic throughout 
the day. But early in the morning or late in the evening when the 
bustle of traffic has died away, the whispering gallery is fully worth 
a visit by the interested student of physics. It shows effects similar 
to those observed at St. Paul's though not in such a high degree. 
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VI.— Propagation of Sound in Whispering Galleries. 

The comparative study of the three whispering-galleries at 
Calcutta has yielded result of interest The three galleries are ap¬ 
proximately of the same size ; the differences in their architectural 
characters are however considerable, and the differences in their 
acoustical characters consequent thereon are quite distinct. The 
gallery at the Calc utta General Post Office is architecturally very 
similar to that at St Paul's in London, though smaller in size, with 
the important difference that its w alls are perfectly vertical while 
those of the St. Paul’s gallery slope distinctly inwards as has been 
pointed out by Prof Sabine in his article The fact that the effects 
observed in the latter are clearly more striking appears to support 
Prof Sabine’s contention that the inward slope of the wall is an 
important feature contributing to the efficiency of the whispering 
gallery 

The lower gallery at the Victoria Memorial whose acoustical fea¬ 
tures were first observed and studied by the writer has quite distinc¬ 
tive features of its own This gallery is just below the inner shallow 
dome, and its wall is broken by eight large openings In fact the 
continuous part of the wall above the floor of the gallery is only three 
feet high. Nevertheless, the gentlest whisper at any part of the wall 
is heard right round the gallery, particularly if the observer and his 
assistant stoop down a little towards the floor The effect is hardly 
less striking than (hat observed at St. Paul's. As the wall of the 
gallery has a very marked slope inwards, this appears to furnish fur¬ 
ther support for Prof. Sabine's views. Part of the effect is however 
doubtless due to the presence of the curved surface of the dome 
above, of which indeed the wall of the gallery practically forms a 
part If the observer and his assistant both stand up to their full 
height, and face each other directly, it is distinctly easier to 
converse m an undertone when they are at the opposite ends of a 
diameter than when they are a smaller distance apart 

The upper gallery at the Victoria Memorial which lies between 
the two domes naturally shows very striking effects, owing to the 
comparatively enclosed character of the.space; the ease with a 
whisper any where is heard throughout is distinctly uncanny, par¬ 
ticularly as the observer and his assistant are hidden from each 
other by the mass of the inner dome. As will be seen from the 
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architectural section, the wall of the gallery slopes pretty steeply 
inwards even at the lowest point. 

Experimenting in these whispering galleries, the existence of 
circumferential and radial nodal lines in the acoustical field due 
to a steady source of sound was established as in the case of the 
St Paul’s gallery. Another interesting point to which the writer 
has not seen attention previously directed is the study of the pro* 
pagation of sounds of an impulsive character in whispering gal¬ 
leries. Visitors to St Paul’s notice immediately the peculiar mul¬ 
tiple echoes which accompany the sound of footfalls in the 
gallery, a single hand-clap is repeated five or six times. The 
echoes appear to proceed from somewhere near the opposite point 
of the wall of the gallery. Similar multiple echoes arc noticed in 
the Calcutta galleries, the effect is least marked in the General 
Post Office gallery, much better in the lower gallery at the Victoria 
Memorial and appears in an extraordinarily exaggerated form in 
the upper gallery between the two domes, a single hand-clap or 
other sharp sound produced in the gallery being heard repeated 
no fewer than twenty times As the observer producing the sound 
mounts the stair towards the top of the inner dome, the effect 
becomes less and less striking and ultimately vanishes at the centre. 
These observations give the clue to the real nature of the pheno¬ 
menon, the multiple sound is not due to any echo, but is merely 
due to the fact that a sound-wave generated at any point on the 
gallery travels circumferently round and round the gallery many 
times and is heard each time it passes the observer before it fin ally 
ceases to be audible. The smaller the decrement of intensity 
between two successive returns, the greater is the efficiency of the 
whispering gallery The character of the sound at each succes¬ 
sive return also undergoes a distinct alteration, as of course is to 
be expected owing to the differing decrements for sounds of differ¬ 
ent pitch. 

The foregoing simple explanation of the multiple sounds 
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was actually found to be the case, and the relative intensities of 
the sounds and the points of the gallery from which they appeared 
to emerge showed curious variations as the position of the observer 
was shifted 

The second method of verification was to determine the time 
interval between successive returns of the sound. With a little 
practice, this could be done in all the three galleries and was a 
particularly easy task in the upper gallery of the Victoria Memorial. 
By giving a tap periodically say at each tenth return of the sound, 
the succession could be Irept up indefinitely, and the time taken for 
a few hundred returns of the sound could be determined with a 
stop-watch The interval between successive returns of the sound 
was found to be equal to the circumference of the gallery divided 
by the velocity of sound, correct to within one per cent It would 
be interesting to repeat this experiment in the larger galleries at 
St. Paul’s and the Gol Gumbaz at Bijapur 

VII.— Synopsis 

The paper describes five whispering galleries. (1) the Gol Gum¬ 
baz at Bijapur , (2) the upper gallery between the two domes of the 
Victoria Memorial at Calcutta , (3) the lower gallery under the inner 
dome of the Victoria Memorial; (4) the Granary at Bankipore, and 
( 5 ) the gallery at the Calcutta General Post Office Of these (3) 
and (5) were discovered by the writer, and in quality, (3) is not 
greatly inferior to the gallery at St. Paul’s at London. 

The comparative study of (2), (3) and (3) has led to some 
interesting results, notably the confirmation of Sabine's view of the 
importance of an mward slope of the wall of the gallery for giving 
thte best effects, and the concentration by a spherical dome of a 
maximum of sound at the opposite end of the diameter Circum¬ 
ferential and radial nodal lines were observed in these galleries 
similar to those observed at St. Paul's. Further, the study of the 
propagation of impulsive sounds in these whispering galleries 
showed that the multiple sounds heard are not echoes as might be 
thought at first, but are due to the fact that the sound-wave 
travels circumferentially round the gallery several times before it 
is sensibly extinguished, and is heard each time aa it passes the 
observer. The smallness of t)ie decrement in successive returns is 
a measure of the strength of the whispering gallery effect. The 
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interval between successive returns is equal to the circumference of 
the gallery divided by the velocity of sound within an accuracy of 
one per cent The waves travelling in opposite directions round 
the gallery can be differentiated by ear 
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G Synopsis 

1 iNTiioDitrioy 

The subjectoE “Molecular Scatleiing oE Eight” nhose 
foundations weie laid hy the laic Loid lla>]eigh, gained a 
new significance from the experimental oik of Cahannes 1 
and the present Lord Rayleigh- on the scattering of light 
in dust-free gases. Its nnpoitanee was further inci eased 
hy l’rof Raman’s 1 application of Einstein's ini estimation 
of critical opalescence to the case of scattering in fluids 
in general, and his explanation of the blue ot the sea as 
being caused hy molecular se-sttenng of light in water 
Expeiimental work hy the present author ’ on the 

1 Cnhnnnon —Ann Wijaiqtio, Tomim XV, I’tJO, [ip I |j(> 
a Uni Icm^Ii — Pick flnj Sol A, 1 i> 1H |i Jji 

3 C V Hainan —Trni 1 Hoy Sor A, \;>iil, HUJ, p h j and, Mulcud/ir DjiTinr Lion 
Df Light, 1 Calcutta Uimuraity 1 *jo b % 

* K II llninanuthnn—iToi Hoy Sac A , UtliJ, p HI. 
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scattering of light in ether and by Mr It Venkatcswaran 3 
m normal pentane showed that throughout the langc of 
temperatures from 3.3°C to the critical point, both in the 
saturated vapour state and in I ho liquid state m equili¬ 
brium with the vapour, tlio intensity of scatteung m a 
transverse dn eel ion is given by the Kinstein Smoluchowski 
expression (with a coirection for admixture with mi- 
polarised light) 


l__x* JtT/3 
IS ISA.*/ 1 


(p'-l)' (il’+II 1 


where I is the intensity of the scattered light from a unit 
volume at a large distance r from the coliunc. 

It, N arc the gas-constant and the number of molecules 
respectively per gram-molecule 
T is the .ibsoluU; tempei ntnru 

/J i^ tlic isutlieim.il t umju issiljihl^ ni 1 lie nicilium 
/a is its lefiiuhre null* v, and 
X ia the na\e-leii^th of Ok? incident li^lit 

The above expression w’as denved by Kinslein on the 
assumption that the scatteung of light was caused by the 
local changes in diclecli ic displacement consequent upon 
the local fluctuations of density to which an otherwise 
uniform medium is subject owing to the thermal move¬ 
ments of its parts In such a case, the light scattered in 
a direction transverse to the primary beam should he 
completely polarised The same result may he deduced 
when the individual molecules arc regarded as sources of 
scattered radiation piovuled that they aio supposed to he 
spherically symmetrical and their restncted freedom of 
movement is taken into account. Actually, however, (he 
transversely scattered light is in general found to he 
imperfectly polarised, much more so in n liquid than in 
its vapour. The imperfect polarisation has been explained 


B E, Ven\uLeswaran—Trans, Churn Soc , 1922, Vul 121, p 2(J."i5 
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l)y Iho Into Loul Kay lei i'll," Horn 7 and Cans’ on the 
assumption of molecular anisotropy. The subject has also 
been studied by Sir .1. J Thomson 0 from the point of new 
of the electron theory The increase of imperfection of 
polaiisation in the liquid state is remarkable and an ex¬ 
planation of it his been given by Raman on the idea that 
the scattering in a fluid can be consuleied to lie made up 
of tivo parts, a density-scattering and an ouentation- 
scattermg of which the former is given by the Einstein- 
Smolucliowski formula wlule the latter is pmpmtion.il to 
the density of molecules It is obviously of importance 
to m.ike an exact investigation of the connection between 
the state of .iggiegation of a medium and the quality of 
the scat Lei cd light, especially in view of the fact that it 
promises to throw light on the natuie of the liquid stale 
itself In the following paper, an attempt is made to 
develop a gential theoiy of scattering in fluids In 
Aiticle 2, the medium is assumed to he continuous as in 
Einstein’s treatment of the subject, lmt subject to local 
fluctuations of density depending upon the laws of 
statistical mechanics Loient/.'s electiomagnetic treat¬ 
ment of the scattering of light in gases developed in his 
book “ Ees Theoues Slatistique en Thermodj namique ” 
has been adopted and extended to the geneial case of a 
fluid of any compressibility In Aiticle 3, the subject is 
treated fioni the moleculiu standpoint in the case when 
the molecules are isotropic and the Kinxtein-Smoluchon ski 
formula for scaltcnng is deduced. In Article I, the 
molecular treatment is extended to Iho case when the 
molecules arc anisotropic and expressions arc deduced for 
the intensity of the scatteicd light, its state of polarisa¬ 
tion and the co-eflicient of extinction in the medium. In 

■ Rayleigh — Phil Mag, XXX, 101H, and Scientific Puperr, Vol VI, p o-lO 

7 Dorn —Verb DeuUih Pliys Gesell , Vol 10, r 2 1917, and Vol 20, p 10,1018 

■ Gmih—A nn dor Ph} sik—10, 1031 

8 Sir J J Thomson — Plul Mng , XL, 1020, p 303 
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Articlo o, the results are discussed with reference to 
experimental data as regards polarisation of the scattered 
light in liquids and their vapours Article (5 contains a 
synopsis of the principal results of the investigation. 


2. “ Continuous Medium ” Theory. 


Let K„ he the value nf llio (lielet Inc constant when Iheio is n 
imifni in dish ihulmu oE muttei and K 0 +fiK its uc Inal a alue at n, volume 
element 81 

Tn an}’ arlual thud nwirijr lo thermal movements, tlie density at any 
pnml uiulei goes incessant fluctuations and lienee the dielectric con- 
slunt also 

Using IIea\is de units, the dudeetue d 1 splat emeut D=K d E (1) 

when? K is the clca tru intensity When the density and consequently 
the dielcctnc (onstant ai e unifoini, theic would ho no sc attenng, for 
(he distuibanecs fiom diffeient elements of volume would mutually 
i am el eat h nthei, except in the diieetion of pumaiy propagation 

At a pint e whole Hie chelectiic constant is K C +8K, 

J.), = ( K 0 + 8K) I] (3) 

ifcie, theie is a discontinuity of displacement which could be annulled 
hj intioducing a Hupplcmentaiy chctne intensity 

F = — A K F (3) 

Uni, then 


1) 1 would bee nmc (K 0 + SK)(K—which m equal to K,}] if 

K u 

wcnogleit (SK/fv,,) 1 in compaiison with unit) As matteis actually 
me, the sentteung is identical with the radiation duo to a system of 

8 K 

electiu intensities — K oi -E at the places where the diolectnc 

& a 


constant difFein fiorn its mean -value K 0 by 8K 

Suppose wo have a volume element 8v at the ougin of co-oi di nates 
at which the dielectue constant isK 0 +SK, When llic linear dinlet, 
Bions oF the clement ai e small in compaiison w f itli the wave-length, the 
amplitude of the distuibanco from the element would be proportional to 


SK 

K. 


EBv and hence its energy pinportional to 




(*) 
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a fust stop, then, we have to calculate the radiation caused by 
nu extramous peiiodic miensiiy acting throughout a\olumo element 
Eu at a gi\en point in a liomogcreous isotiopic dielutiic The problem 
is analogous to that hol\ed by Hertz in the case of the vibiating electric 
doublet 

Let E represent the ele(tnc intensity 
II „ magnetic ,, 

D „ dielecti ic displacement 

and I* 1 the exh aricous eleetue intensity acting throughout the 
element of \olume Sc 

We shall lake the magnetic peimeabilitj of the medium to bo 
unity. 

The held equations are 


Curl H= - 9 n | 

r dl ^ 

C...IE=- 1 ® h 

c 6 1 


(5) 


where c is the velocity of light in \acuo 
AIno D = K(E + F) 

div II=o^ 

and div I) = t>5 

Eliminating H fioin ( 5 ) and making use of (G), we get 


V B E — 


K 9 1 E 
c- at* 


!S -® * + giaddivE 

r B 0' 1 * 


( 6 ) 

(?) 

( 8 ) 


To solve (8), following Lorentz, 10 wo shall introduce a new vector A 
gi\en by 


n«A—^ 9 _ I _ A =—F 
c 1 9*" 

In order that (8) and ( 9 ) may simultaneously be tiuo, 


(8) 


K=giad div A-£ 8 (10) 

and 

H = * [cml A] (11) 

Equation ^9) is of a well-known foim and its solution is 


1 ° U A. Lorentx—Lea Theoriea Statiatique en Thermodynamiqne, pp 42-43. 
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where the integration is taken ov ei the whole space in which F differs 

from zero and where 11 = — ih the velocity of electromagnetic waves 

v K 

in the medium, ? is the distance fiom dr of the point at which A is 


required and 


F 




is the vnluo of F at time t — 


r 

it 


When F is a penodic electuc intonfcity F m cob pt in the dnection of 
the z-axis, confined to a single volume element Bv at the oiigin of co¬ 
ordinates 

F,=o, F y and F f =F 0 cos pt 

lienee fiom (12) 

A,=0 P A r =0, A. cos p (t — 

4irj \ n / 

From (10), 


K- 


= ajA. 

QzQu 




a-A, 

6 y 9 2 


and E. 

9* 1 


1 0 VA, 

u ■ Q t 9 


The magnetic intensities, can, if neccssar>, be easily deduced from (11) 
For distances fiom the oiigin large in comparison with the wave-length, 


1 
i 1 


and 


can be neglected in comparison with 


1 

r 


and hence 


E, 



E, = - y -V and E,= 

r a \ r 



(13) 


, p 1 F „ 8u /. i\ 

wl ere d= i ~- \ cos p I t— ^ l 
4irtt B \ u ) 

The intensity of tho initiation would ho propoitionnl tj 
E/+E/+K, 1 which is given by 


?* + V B * sin*0 . 

(ll V = — CU B 

7 4 7 1 


(14) 


where B is the angle between the direction of the ray ana the axis of z 
(the direction of the applied electric intensity) 

In the case of scattering by a Binglo volume element 8u, 


iir 

F, = — — E and the ratio of E - , +E y , + E 1 B to E B the square of the 

E.. 

amplitude of the incident wave is given by 


sin B fl /2 tt\ * / 8K V 8u B 

r 1 \X,/ \ K. ) 167T 1 


(15) 


where 2ir/X 1 has been substituted for pju, X, is the wave-length of 
the incident vibration in the medium. 
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Let us now conhidei the scatteimg pioduced by the accidental 
deviations of density in an extended volume LeL us take the X-axis to 
be the direction of the pnniaiy beam The density deviations would 
change both in magnitude as well as in position in a peifectly mbitiary 
manner and there would be no co-oidination of phase between tlio 
vibrations scatteicd by the vanons elements As n consequence, uvei 
any hniLo time-interval, the eneigies and not the amplitudes of the 
scatteicd ladiutions fiutu the different elements of volume would be 
additive If Sp denotes the deviation of density fiom its unifoim value 
p„ m a volume element then we can easily show 11 by applying 
Boltzmann's piinciple of entropy-probability that the mean square of 
deviation of density is given by 

= Vu-'-' < 10 > 

The relation between density and dielectric constant 
is given by Lorentz’s equation 

K 0 —1 

('K„+2) / . I - con ' U " 1 

Hence 3 * (K._-l) (K„+j) 

dp -Vo 

and 

OP 

6K7=<K±r- 1) , (K„±2) l8 

_(K„-1)* (K n + 2)' RT0 

y 


Substituting in (15) sk> for sk* we get for the ratio of 
the average intensity of the scattcied ladiation to that of 
the incident 


7T* RT/3 

9 Mi-’A, 1 


(K„-l)« (K 0 + 2,* ^ Sv 


and since the radiations from different volume elements 

I ■ ’ 


are additive 

!r (Ko-l)’ (K 0+ 2). 2^- per unit volume 


’I 

(17) 


11 Finite in— Add. dor Fhjaik, Vo] 1010, p 127fi, also C V Raman and K B» 
B& mini'than—Phil. Mag, Jan 1023. 
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where x is the wave-length of the incident vibration in 
vacuo. The radiation in the direction of the z axis is 
zero aud is a maximum in the sy plane 

When the incident light is unpolarised, the ratio of 
the intensity of the light scattered in a transverse direc¬ 
tion to the intensity of the incident beam is given by 


w* 11T/3 
1H NV 


(K„-l)'(K. + 2)« 


_1 
a « 


In a direction making an angle with the incident beam, 
this becomes 


ip S (k °- 1) * < k o+ 2 )* ( ig ) 

To get the extinction co-efficient, we have only to find 
the total scattering from a stratum of thickness dx and 
unit area of cross-section Integrating (18) over the 
surface of a sphere of radius r, the ratio of the energy 
scattered by such a stratum to the incident energy is given 
by 


,21 8ir> RT/3 
l'~ 27 NX* 


( K o-l)* (K 0 +2)M e 


where h = 


tin* nrp 
27 NX* 


(K 0 -l)« (K„ + 2)* 


We might substitute for in the above expressions 
where h- is the refractive index of the medium for the 
particular frequency 


3. Scattering by Isotropic Molecules. 

Considering,the problem from a molecular standpoint, 
the effect of' an incident electromagnetic wave on the 
molecules of a medium is to produce a displacement of 
the electrons in the molecules which is equivalent to 
creating an oscillating electric doublet in each molecule 
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with a period tlie same ns that of the wave. When the 
molecules are isotropic, the axes of the doublets coincide 
in direction with that of electric intensity, but when they 
arc anisotropic, the displacements of the electrons are not 
in general in that direction, lmt the effect may approxi¬ 
mately lie taken to be equivalent to creating three 
doublets with their axes along three principal directions 
m each molecule. The field to which any molecule is 
subject is the resultant of that due to the incident wave 
and that due to the polarisation of the neighbouring 
molecules The latter is taken account of in Lorrntz’s 
well known treatment of dispersion in homogeneous, 
isotropic media. In the ease of a gas at atmospheric 
pressure, its effect is negligible The treatments of the 
scattering of light by lsotiopic molecules by the late Lord 
Rayleigh, Natanson, Sir «T. J Thomson and others do not 
take into account the influence of the surrounding mole¬ 
cules. Einstein's treatment of the subject does consider 
the effect due to the polarisation of the snrrounding 
dielectric, but the treatment is non-molecular, and the 
results apply only to the case of a medium composed 
of isotropic molecules With a view to extension 
to the case when the molecules are anisotropic, n. 
molecular treatment of the problem is given below, 
taking into account the effect of the neighbouring 
molecules. 

Consider a plane polarised wave travelling in the 
direction o*. Let Z be the electric intensity in the wave 
parallel to Oz and proportional to cos pt. Under the 
influence of the wave, each molecule becomes equivalent 
to a doublet with its axis parallel to n*. Let A be the 
moment jnduced in a molecule when it is placed in a 
field of unit intensity. If the medium be of uniform 
.density and if denotes the number of molecules per 
■.unit volume and m„ the electric moment of each doublet, 

2 
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the actual intensity at any point O in the medium is 
given by 

Z + jh.M. 

and 

M„=a( Z+ 4 ^, 0 M„ ) 

=AZ^l-^ r „ (1 A ) (19) 

Now K 0 the squaio of the refractive index of the medium 

for waves of frequency ,./-*■ is given by 

k,;+* = 4 1 '"" a <“> 

and hence 

M (J =AZ (21) 

O 


A vibrating electric doublet radiates out energy. 
According to Hertz’s well known solution, the electric 
intensity at time t at a point i distant (great in com¬ 
parison with A) from the doublet is 

_ ±ll ( 22 ) 

c'r 


where c w the velocity of light in 
O; and the duection of the lay and M n 

the moment at time t ~ ~ 
r 


aciiOj 9 ih the angle between 
, x standi for the 'laluB of 


When the molecules of the medium are uniformly 
distributed and we consider the effect due to a volume 
whose dimensions are large compared with x, it vanishes 
in all directions except in the direction of primary pro¬ 
pagation where the secondary waves from the different 
molecules in the wave-front combine with the original 
wave and give rise to a plane wave moving with an 
altered velocity. In any actual fluid medium, however, 
owing to the thermal movements of the molecules, and 
the consequent fluctuations of density at any point, there 
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is a finite radiation of energy in all directions. If «. 
represents the average number of molecules per unit 

volume in a volume element and fix 2 the mean square 
of the deviations of that number, then as before 

= “P CM) 

Consider a volume clement Su at o small in comparison 
with a cubic wave-length, but large compared to the 
dimensions of a molecule. Let n be the number of mole¬ 
cules per unit volume in Su and let n be equal to ,i c> + 

The electric intensity at P due to scattering by the 
molecules contained in 8lJ Mould be given by 

^ - inn 0 Si' (M/i — M n„) (.21) 

wheie M is Llio eletlmal moment appiopiiato to tlie density n 

When we mo coil si (lei in^ the nxcnitfe effect o\ei hinte intervals of time, 

the distinction between M ami M ^^ may ho diopped Now 

= -^- sin 0 M n + 8M )(n u + 

= sin 0 (M a $n + n s 8M)£i' 

Now, differentiating (19) and appK in^ (20) 

SM= AZ S i‘ 

9 n 0 

. n i 8M + M,«i/= ( K "J1 2 ) ’ AZiln 

_ (K.-l)(K„ +2) z Su 

12ir n. 

Let ns consider the effect duo to (25) If E is the electric intensity 
art P due to radiation fiom Si\ the eneigy is propoitional to E 1 It is 
thus 


j Si' 


(24) 

(25) 


(26) 
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Since Sn varies from instant to instant according to tlie laws of chance 
the average expectation of Jtl 1 over a sufficiently long intoival of time is 

ifi = V 4 am (K a - l)’(K e + 2)* 

( 4 > B ll^Tr 1 ii ,* 


By (23), 


K • = Pi MU 1° < K. -1 ) 1 1 K., + a i J y , RT/J gu 

c^r -4 144 j 7r i N 

When wo consider the effect due to a \olume v whose dimensions aie 
laigc in companion with A, the iatio of Lhe m^iuiu of the olrctnc vector 
in the scatteied laduition to tlmt in the incident is 

E z Hin 3 6 fK.-lHK. + 2)* IW/5 
Z' t 4 r 4 144 t r“ K V 


RTjfl 
9 NA 4 


(K.-lj*(K.+a)> V 


fllll 3 0 

7“ 


where A is the wave-length of tlie light in vacuo 


d. Scattering by Anisotropic Molecules 


Let O'f, O't/, 0'£ denote the tlnee principal dnecbions in a molecule 
whose centie is O' 


Let A, B, C be the moments induced in tlie molecule when placed 
in a held of unit intensity parallel to 0'£, (J'tj, 0'{ lespectivel^ 

As before, let Oj be the direction of the incident polanscd plane 
wave and r L the electiic intensity along Or In a medium composed of 
lsotiopio molecules the axis of the induced doublet in each molecule 
would be parallel to Z , there would be no component along Oj or Oy 
In a medium composed of anisotropic molecules, however, theio would, 
in general, be components both along the i and the y axes But when 
the axes of the molecules aie oriented at landvni the components of the 
induced moments along the x ami y duections would he as much positive 
as negative and hence the polarisation fields paiallcl to the x and y axis 


whicli may be taken as 


4 

3 


itn m M. 


and --irn B M r 

u 


lespectively would 


4 “ 

vanish We would however still have —ir n 4 M, because M, can have 

o 

only positive values. The effect of the polarisation of the surrounding 
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molecules is then to produce an ulditional field of *m,M, The 

J 

resultant electric field at a point m the medium is theiefore 




(27) 


To calculate 31, , we note that if the molecules are onented at 
random, 

„A+B+Cy K.+2 

9 JT 

&-*? 

GWidei a molecule, the direction of whose principal axes is defined 
by the Eulonau angles $ <jt, ^ 1 



In figuie I, x, y, z represent 
the points wlieie O'/, O'y, 
0 's cut a spheie of unit 
radius, and {, £ the points 

where the axes of the 
molecule cut the same 
spheie 


The moments induced m the molecule parallel to O'f 0'»j, 0'£ are 
—A2£ sm 6 cos ^ 

BZ (— 3 --) sin 9 >in i (29) 

CZ ( K i+ 2 j co. 9 

1 Lord ftayleigh tad Sir J J, Thomson, toe. at. 
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When these aie tosolved along O/, Oy, 0; the components are 
M, = Z ^ £sm 0 cos 0 coy ^ (C — A cos B 0—B sin a <£) 

+ (A—B) siu ^ am \f/ sin cos 

-Kf, = Z ^ ^ £siu 0 c is 0 sin (C —A cos a — B sui 2 </») 

4-(A—B) din 0 cos iff hin 0 cos 

M a =Z ^ [c cos ^0 + B hin *0 sin “0 + A sin J 0 los (30) 

i\hicli, for nhoitticss, ue may wnte 

z( K -+ 2 )r„ /.(*-•+*) 1*. 

The mean value of M, and M, taken u\er all ui imitations is zero, 

while that of M, in Z (IL+- 2 ^ ^ +B + C) M ft p0Ult „„ the 

} -axis distant j from O, the sqimio of the x-component of the clcctiic 
in tensity due to hcatteung fiom a molecule at O ii 

M, - 

C 4, i 

and from tlie molecules contained in a volume element $v the average 
expectation of X' a is 


X' J =-'— M, J uSv 
C*r* 


Since Mj has positne and negative values equal!} often at landom, 
X' a la pi opwttonal to the nitmhei of uioZicideff 
Averaged ovei all oiientations of molecules 


X 7 * = -El 7.' (*1± 2 Y } r (A“+B*+C*-AB-BC-CA)». 
c*r a \ 3 / 15 

=*-( K -', + - 2 )V"- s " 


Sv 


wheia 


f=~ (A'+B’+C'-AB- BC-CA) 
lo 
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and fiom a volume V 

( K iv 2 y /"-v («> 

In the case of the Z-component, we note that it cnn have 
only values of the same sign as Z. Hence from a small 
volume element 8 7 <, the amplitudes of the electric forces 
are additive. The Z-component of the electric force 
due to a single molecule at 0 is given by 



and from the hSj molecules contained in the volume 
element s„ 

Z‘= K M.nfii 
c’i 

= fr'(M.+ s M )C« 0 + Sii)8« 

= - ? |—(A1 n„ + M.Srt+» 0 8M )Si 

The amplitude due to the first term cancels when the 
effect is taken over a finite volume and as in the case of 
isotropic molecules, we are left with the second and third 
terms 


Z l = P - (M Sn+»i 0 SM ) , St' 
r*i* 



L,* St* fin* 


as in (26). 

The mean value of j a * taken over all orientations is 
g=^ s (3A'+3B'+3C*+2AB + 2BC + 2CA) 
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aud by (23) 


_ £_r„ (JZ* + *Y RT/3 * 

~ /j \~ i " ) IT 8,1 "» * 

and from a volume V, the same quantity 


(32) 


and 


X 11 / __ 

Z" = (Kl+OyWrfi f 

) ~tr n ° fJ “ vj 

where 


(33) 


/K 0 + 2\-RTy3 

y= V "3 ‘ ) N ”»• ( 34 ) 

When the incident light is unpolarised, the ratio of 
the weak component to the strong in a direction perpendi¬ 
cular to the incident beam is 


f+yy 


(.15) 


For a gas at ordinary pressure obeying Boyle’s law, 
this becomes 


2f 

f+9 


(36) 


in accordance with Rayleigh’s result. 


The total intensity of the scattered light from a unit 
volume in a direction perpendicular to the incident beam 
is 


y* 

C*r* 


z * (~3~)* i 3 /"®+r» M B } 


(37) 
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To connect g and f with experimentally determinable 
quantities, we note that 

/= .’.(A'+B'+C'-AB-DC-CA) 

</=,'„ (JA* +3D* +JC +2AB + 2BC + 2CA) 

«,-*/=;(A + D + U)' 

9 (K,,-!)' 

107t'« o ' (.K„ + 2)* ( Jft > 


and from (3G) in the case of rare vapour for which Boyle’s 
law holds good, the ratio of the weak component to the 
strong in the transversely scattered light is 


f) 

/+</ J- 6-7, 


The quantity under the brackets in (37) can be written 
/” 0 ('J+ty) + (y— 

By (30), this reduces to 


f) [y+ 


I i(9 + -ty) 1 
b — 7>, ) 


and (37) becomes 


.P 

C*7' 


Z* ( K "j ±2 )'«.f9-J/) {> + 



substituting the values of y and <i — \f it reduces to 


t‘RT/3 z* 
'9N\* , * 


(K 0 -l)*(K 0 + 2 y , + 






L ,(9 + 4y) 
t> —7» j 


Since the square of the electric intensity in the incident 
unpolarised light is T , + Z^=2Z , =I„ say, this becomes 



§£? (K 0 —l) , i.K 0 +2) , + 


2u 


xr (K 0 -l)' 


r,(9-4y) 

6-7r, 


(40) 


3 
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When A = B=C, that is, when the molecules are isotropic, 
/= 0 and the expression reduces to the Einstein 
Smoluchowski formula 

S SS? (Ko-l)'(K n + 2)' 


In the case of a vapour obeying Boyle’s law, the 
expression becomes 




/* 2n n A 4 




The quantity outside the square brackets is the Rayleigh 
expression for scattering in gases obeying Boyle’s law and 
the multiplying factor is the same as that introduced by 
Cabannes 

To obtain the co-efficient of extinction, ire shall first 
find an expression for the total radiation from a unit 
volume when the incident light is polarised with its 
electric vector along the z axis. The squares of the 
components of the electric intensity in the light scattered 
from unit volume, m directions perpendicular to Od:, 
Oy, Os are (31) and (32) 



nntl 



This can lie looked upon as a mixture of unpolarised 
light equal to *\ % Z* ( K ?+- 2 ) 2/« 0 and of polarised light 
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equal to Z* ^ ^ j +2 ) "« ( v<j—f) with the vibrations 

parallel to the r-axis Integrating over the surface of a 
surface of a sphere of radius r, the total radiation be¬ 
comes 



K„+J 

.1 



Htt 

J 



1 '>8*' 
JA 4 ~ 


55 ’ ( ~ n .r 2 ) ,,D W+w 1 


Putting in the values of f, g and y- this becomes 





(K,. + «)■+_££. <*.-!)■ 


6 — It x 


( 



)) 


and the fraction of the incident radiation scattered is 


Htt' 

27 


R70 

NA‘ 


(K 0 -l)' (K 0 + 2,- + 


Kir 1 

"J 


ric,.—D- 

jf 0 A‘ 0 — 7^ 


(l+|y) (-11) 

Eveji if the incident light is unpolanscd, the same ex¬ 
pression holds good. Tor a gas obeying Boyle’s law, this 
reduces to 


*r» (K„ —1)* (G + .%,7 ( 

3 «„A* (. G — 7i x $ ' ' ‘ 

We can easily see that with unpolanscd light, sinco 
the intensity of the light scattered along the y and s axis 
is each 


v l _ 

tf* r B 
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and that along the .r-axis is 


V 1 v./K„ + 2 

r 4 j * ‘ \ 3 



the distribution of intensity is given by 


Htt 4 

A* 


I 

r■ ( K< 3 +- ) "®U 3 /+W) + (W~0 c°h'</.; 


where 0 is the angle between the directions of the incident 
and scattered beams. 

When the values of f, g and y are substituted this 
becomes 


I„ [-*• RT/5 
r* Lia NX* 


(K 0 —1)’ (K 0 + 2 < y* (l + cos*<£) 


+ i 6 z;,,« s +«+«i- ! )“' 4 i] 

=[isrI? ck.- 1 )" ik.+v (!+»»■♦) 



CKo-1)’ 

>i„A 4 


gjij.— ( 4 y~ 3)(l+cos'^) 


+ 12 


w» 

2 


(Kn-1)’ r, I 

n 0 A* 6—7r, J 


5. Comparison with Experiment. 

We shall calculate the imperfection of polarisation of 
the transversely scattered light in a number of liquids 
from (35) and (86) from the corresponding values for 
their vapours, and compare the results with the values 
obtained experimentally. For this, we shall use the data 
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obtained by Rayleigh 1 and by Raman and Sesliagiri Itao 2 
The following table summarises the results. 


Substance 


KLhoi 

flen/eeo 

CS, 

C11C1, 

CC], 


W>ak 

Btuom 

CoMTONI-Nr f S 

— - (i)L*l CL III) 

. Comconfnt 


Liqli d nL 3 °l> 

Liquid at .50 l 

r Apnur 

(Calc ) 

(obw ) 

1 7 

20 

H 3 

b 5 

75 

30 8 

12 0 

75 

70 

1 U 

.11 

n 

.1 1 

49 

i 

11 


The calculated values aie uniformly too high This 
seems to show that the hypothesis of random orientations 
of molecules in liquids, which ice hare assumed m the 
development of the theory does not hold yood 


ti Synopsis 

1 An electromagnetic theory of the scattering of 
light in fluids has been worked out without assuming a 
molecular structure on tlie basis oE Loreulz’s treatment 
of the scattering of light in gases and the Einstein- 
Smoluchowski formula for scatteiing deiived. 

2. The same result is shown to follow if the fluid 
medium ho supposed to he composed of isotropic mole¬ 
cules. 

3. The treatment is extended to the case when the 
molecules are anisotropic in which case it is shown that 
if the orientations of the molecules are entirely at random, 
the transversely scattered light is imperfectly polarised, 
the ratio of the weak component to the strong beiDg 

1 Rayleigh Prot Roy Soc A, loc tit 

1 C V, Human and K Soslingiri Hho I'hil Mng vol 45, 1023, p 025 and 
11 Molecular Diffraction of Light " 
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given by 

, - g_ 

/+yg 

where y=^ aut ^ f arx ^ 0 are consents for 

the molecule lhe intensity of the light tcatteied in a 
direction making an angle ^ with the incident beam is 
Bhown to be 



ir 1 RT0 
18 NX* 


CK„-1;' (K„+2)« (l+co/,'4.) 



(K„-l)« /, 

H a k* 0 — 7 /, 


+12 


7T 1 

2 


(K 


0-1 )■ 
M„X* 


6-7/, ] 


The expression reduces to the appropriate forms when 
the medium consists of isotropic molecules and when the 
medium is a vapour obeying Boyle’s lnvv. 

The co-efficient of extinction is shown to be 


%' NT < K .+ 2 > , + 8 ;' 6-V,, 

l 1 or a vapour obeying Boyle’s law, this becomes 


Sir 5 (K„-l)' 6 + 3/, 

3 ,/ 0 X‘ 6-7/, 


4. The observed values of the imperfection of polari¬ 
sation in liquids are compared with the calculated values 
and the former are found to be much too small. This 
seems to indicate that the assumption of random orienta¬ 
tion of molecules in liquids is not valid. 

I wish to express my best thanks to Prof. C. V. 
Hainan for his kind interest in the uork and for liis valu¬ 
able suggestions. 
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1. Introduction. 

2 Coronas and iridescent clouds 

3. Glories or brocken-bows and their explanation. 

Intensity and polarisation of the scattered light. 

5 Rigorous electromagnetic theory of diffraction by 
spherical particles. 

0. Summary and conclusion 

1. Introduction, 

A variety of interesting optical effects are known 
which arise from the scattering of sunlight by droplets 
of water suspended in the atmosphere and have been 
discussed by writers on meteorological science A good 
account of these phenomena and a discussion of them, 
on the elementary principles of geometrical optics and 
wave theory is given in Humphreys’ recent hook on the 
11 Physics of the Air.” The character of the effects de¬ 
pends on the size and number of tho droplets, their 
situation relative to tho direction of the sun’s rays and the 
position of the observer Of these the best known are 
the coronas seen round the sun or moon when viewed 
through thin clouds, and the familiar rainbow's with their 
accompanying supernumeraries. Less well-known but 
not of less interest are the glories or brocken-bows seen 
when a bank of fog or cloud is view'ed by an observer in 
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a balloon or on n mountain, looking away from the sun, 
nearly in the diiection of propagation of his rays. finally 
we have the very beautiful iridescent clouds, which are 
occasionally seen some 15 n to 30° from the sun The 
object of the present paper is two-fold, firstly to con¬ 
sider the explanations of these phenomena that have been 
so far advanced, critically from the standpoint of the 
electro-magnetic theory of diffraction, and to point out 
in what respects they are inadequate or erroneous ■ 
secondly, to describe the laboratory studies which have 
been made by the writer of some novel and hitherto 
unobserved features exhibited by iridescent clouds, and to 
consider their relation to the meteorological phenomena. 
A summary of the results obtained is given at the end of 
the paper 

2. Coronas and h idescent Clouds 
(r C. Simpson 1 has advanced the very interesting 
theory that the iridescent borders and irregular patches of 
colour occasionally shoun by thin high clouds some 
15° or 30° from the sun or more are only fragments of 
coronas foimed by exceedingly small undercoled drop¬ 
lets of veiy approximately uniform size. The experi¬ 
mental study of the light scattering by such small droplets 
accordingly acquires some impoi tance, and it uas with a 
view to investigating the theory of iridescent clouds and 
other related phenomena that (lie present work was under¬ 
taken. The following experimental arrangement was 
adopted which is essentially the same as that used by 
Mecke. s The condensation chamber in which the clouds 
are observed is a round-bottomed flask, having a diameter 
of about IB cm. and containing a little dilute alkali. The 
flask is connected with two stop-cocks one of whi-ih 

1 Q Jr Hoy Met Soc 98 p 29 

1 Ann, dor Phy« Vol, 01, 02, 05 
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opens to the outer air and the other to a vacuum chamber 
By momentarily opening the stop-cock connecting the 
chamber and condensation flask, clouds are formed within 
the flask by the adiabatic expansion of the air saturated 
with water vapour The vacuum chamber is connected 
with a manometer to note the changes of pressure. By 
varying this change of pressure, clouds containing particles 
of any desired size could be obtained The particles of 
largest radius obtained were about 8 ^ and the smallest 
about T5 fx. 

A 1090 c p. tungsten filament lamp is placed at a 
considerable distance from the condensing flask, and a 
beam of light from it focussed by the lens placed in 
front of it, at the centre of the Mask When the vapours 
condense, the track of the beam becomes visible as the 
result of the scattering of the light by the droplets formed 
If observations are nude in a direction nearly parallel 
to the direction of light, the eye being placed on the 
side opposite to that at which Ihe source of light is 
situated, one can see vivid patches of colour in the track 
of the beam, red and green being the most prominent 
tints If the droplets are large, these coloured patches can 
only be seen in directions embiaeed within a small solid 
angle, but as the size decreases, they become visible at larger 
and larger angles. The colour of any patch changes as the 
angle of observation is changed and the track of the beam 
through the flask shows different colours at the different 
parts for the same reason, that is, the angle of observation 
is different at different parts. 

Very small particles are obtained with small expan¬ 
sions at a very low pressure. With very thin clouds 
consisting of small droplets, the coloured patches could 
be seen even at a large angle (30°—10°). The observa¬ 
tions thus lend an experimental support to Simpson’s 
suggestion about the formation of the iridescent clouds. 
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When the lens is removed from the arrangement 
described above and the eye is directed to the source 
of light through the flask, the coronas may be directly 
observed when a cloud is formed by expansion. In order 
that the eye may not be unnecessarily dazzled by the 
direct light, some opaque obstacle—say the end of the 
finger may be used to screen it from the direct light. 
This docs not in any way interfere with the observation 
of the corona. It is found that with smallest droplets the 
central field is coloured, its tint changing with the size of 
the droplets; only with larger droplets (larger than about 
2/* in the case oE water) do normal coronas appear in 
which the central field is white with a slight-reddish 
brown edge and surrounded by the usual system of 
coloured rings. Some measurements were made of the 
angular diameters of the rings, and the results obtained 
support Mecke’s observation—that except in the case of 
large droplets, the diameters of the rings bIiow anomalies, 
the size of the particles as calculated from the simple 
formula for the different rings showing striking differences. 

That the assumptions on which the ordinary theory of 
coronas is based must fail in the case of very small drop¬ 
lets becomes evident on careful consideration In the 
usual treatment the droplets are treated as opaque discs 
and the problem of finding the diffraction effect due to 
them is handled with the aid of Babinet’s principle. 
Actually, however, the water droplets are transparent, the 
rays of light which pass through them emerging as a 
strongly divergent pencil If the drops are large, it may 
lie assumed that the rays transmitted in a direction 
nearly parallel to the direction of the axis have negligible 
effects. This however is not justifiable in the case of 
very small drops as the rays passing through the drop and 
those diffracted at its boundaries or reflected at its outer 
surface then differ but little in path and hence are capable 
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of interfering with each other. An attempt has heen 
made by Mecke ( f. r.) to take account of these 
complications, and he has obtained a somewhat complex 
equation for the intensity of the light scattered by the 
drops But Mecke’s treatment is not satisfactory as he 
uses elementary methods, the applicability of which in 
the case of droplets not many times larger than the wave 
length of light is certainly open to question The 
problem evidently calls for a rigorous treatment on the 
basis of the electromagnetic theory This is given below 
in Section 5. 

3. Glonei or TlroeAcn~ho\La and their explanation. 

When favourably situated, one may see ring9 of 
coloured light around the shadow of bis own head, as cast 
upon a neighbouring fog bank or cloud These coloured 
nogs or glories as they are called have been explained in 
Humphreys’ book (/ e ) as merely coronas due to the 
particles near the surface of the cloud scattering light 
reflected from deeper portions of the cloud, in other 
words, that the effect is of the same nature as the ordinary 
corona but due to secondary scattering. Tins explanation 
of the lirocken-bow has been discussed by llicharz 1 and 
by Obermayer, 8 and that it cannot be accepted as correct 
is definitely shown by experimental observations made 
with artificial clouds. Using the arrangement described 
previously, if the eye of the observer be placed on the 
same side of the cloud chamber as the source and 
looking down very nearly along the path of the beam pas¬ 
sing through it, a succession of colours is seen along its 
track through the cloud. These colours also change as 
the angle of observation is ohangeJ, and the smaller the 
particles, the greater is the angle from which they can be 

* Met Zort, 10u8, 12 and 14. 

* Met Zeit, 1012 
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seen. The complete system of rings is obtained on 
illuminating the cloud with a beam of sun light and may 
be viewed in a perpendicular direction with the aid of a 
plane sheet of glass held at 15° in front of the cloud 
chamber, so that the observer’s head does not screen the 
cloud chamber from the illuminating pencil The observa¬ 
tions prove clearly that the phenomenon under discussion 
is shown by every portion of the cloud and therefore really 
arises from pnmanj scattering by the droplets of water 
That the glories 01 biocknn-bows arise in a way which 
is quite different from that of the ordinary transmission- 
coronas is proved by the fact that the sequence of colours 
in the brock en-bow.s and m the transmission-coronas due 
to cloud particles of the same size are far from being 
identical. The normal corona due to large drops shows 
a central white field with n brownish red margin sur¬ 
rounded by the familiar coloured rings, but in the 
broclcen-bows, the arrangement is different and varies 
somewhat w ith the size of the drop. It is sometimes 
found that just round the central spot (which is the image 
of the source of light reflected fiom the first surface of 
the observing flask) there is a distinct minimum of inten¬ 
sity exhibiting colour, then the intensity mci eases, the 
colour being greenish white, bordered by brow'nish red 
edge, and then follows the usual succession of coloured 
rings as in the coronas. It is sometimes found that 
round the central spot there is a clear maximum and then 
a belt of minimum intensity and then again a maximum, 
in other words there is nn oscillatory distribution of 
intensity in - the central field. Sometimes it is also 
observed that in the central field of the brocken-bow only 
red and green rings or belts are present in different inten¬ 
sities, whitish yellow colour being totally absent, while in 
the corresponding coronal rings, the central field is 
yellowish white or nearly without oolour. 
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In order to understand how the glories are formed we 
have to consider the light which travels back towards the 
source from the droplets This arises in two w ays, (1) by 
reflection from the front surface of the droplets, (2) by 
two reflections and one internal reflection When a 
plane wave falls on the spherical pai tides and is reflect¬ 
ed back at its external surface, the reflected wave- 
front is strongly divergent and as a result, it merely 
adds a little to the general illumination of the field 
and does not give rise to any notable diffraction effect 
But wave-front (2) formed by internal reflection is not 
so divergent us (l) and is limited by a cusped-edgc, at 
which it is doubled back. See Fig 1, in which wave- 


F'S 1 



front (1) is indicated by dotted lines and wave-front (2) 
by heavy lines. When the droplet is small, the path 
differences the between back and front of the wave near 
the cusped edge are very small. Hence wo may without 
appreciable error consider the wave-front to be a simple 
spherical cap of appropriate radius As a sufficient ap¬ 
proximation, we may assume the centre of this spherical 
cap to be the image of a point, placed on the axis at an 
infinite distance, produced by two refractions and one 
reflection. Wo have now to find in directions making a 
small angle with the axis back towards the direction 
of the primaly source the aggregate effect of this wave 
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cap. The problem now ia the same as the diffraction 
produced by a small circular opening in a screen on which 
light is propagated in spherical waves from a point 
source We take as the axis of symmetry the line drawn 
from the source to the centre of the opening and it is 
required to find the intensity of illumination at any point 
P of a plane screen parallel to the plane of the opening and 
at a distance from the latter. Consider now the position 
of the wave front of radius a which fills the orifice. Let 
( be the distance of P from the axis of symmetry and b 
the distance of the screen from tne nearest point or pole 
of the spherical wave of radius a and then using the usual 
wave equation, the intensity of illumination at P l is 
proportional to 

M-=(^y ( u 1 *+u 1 .) 

U, and Ug are calculated by means of Tables of Eessel 
Functions, where 

U, = 5(-l)"(j-y " + 1 J..h .(*) 

I I _ 2 "' ,, + h . , 2ir { _ 

A 2a6 p liad A b 
jiand ,r = r p where 
i — radium of the onfice 

The above series for U, and U 4 are used if : >y but in 
case when y > z 

U, + V, =ain ’ ( y + 'y) 

-u,+v„=cos j ( y+y) 

1 For a detailed mathematical treatment of the problem iee Gray and 
Ifathewi, Chapter XIV. “ Diffraction of Light " Alio Lommel Abh D K, Hayer, 
Akad D Wmench, XV. 1880. 
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where 


V„ = s(-l)*(j 


, / 

z \ a " + i 

v^sf-iW; 

/ / Jj> + 1 


The maxima and minima values of 1ST* are those for 
which 



The solution clearly gives that the maxima and minima 
arc obtained when either 

J,(z)=0, 01 U, =0 

Curves for M* as ordinate, and Z as abeissio are drawn for 
y=w, W, 5ir, and 5)a- (Figs ?, 1, i, 5) 

v>ir a 


y = v 

1U0M * 




6 8 7o 7a- 
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Curves for y=*, .ir, mul as given in Gray and Mathews 
(1 c.) and for y=4ir are drawn, the last showing m*=o when 
*=o. 

From the above expressions it is easily seen that 

M 3 = 0 l when i/= Imr 

where n may be 1, 2, 3 . . .etc 

The curves clearly show the pec u ban lies of the 
brocken-bow mentioned before. Curves for y —: )ir and 
On- show m the central field a belt or minimum 
intensity round the central spot which is clearly a maxi¬ 
mum, showing the oscillatoiy nature of the intensity in 
the central field Tn (he curve y =±v (also as it would be 
in the case of Bn-, 12* and so), the central spot is of 
minimum intensity which only increases from r = 0 
to some higher values of r. These two important 
peculiarities observed in the central field aie clearly 
explained, the outer rings of the brockcn there showing 
clear maxima and minima as appears from the curves 1 
Some measurements were made of the position of maxi¬ 
mum and minimum in the glory—rings and the results 
are tabulated below Considering the experimental 
difficulties and the assumptions in the theory the results 
agree fairly well with the observations 

BENZOL 
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Intensities and Polarisation of Scattered Light. 

Using a lens to condense the beam of light (ravers¬ 
ing the flask as in the observation of iridescent clouds, it 
is noticed that when the eye is moved from 0 — 180° 
(the direction of the transmitted light) to 0 = 0° 
(i e., back towards the source), the intensity of the light 
at first fluctuates forming coronas as described before, and 
then becomes very small some-where about 90°. It then 
increases again at first slowly and then very rapidly at 
about 6 = 11°, which is near the position demanded by 
the ordinary theory for the primary bow Particles of 
size 8 m were produced within the condensing chunher 
yet no trace of colour could be seen in this direction, 
This position is indicated by a short maximum. Evidently 
particles larger than 8p are responsibile for the colours of 
the rainbow. The intensity of light decreases slightly to 
increase again as # is still further decreased ; (he exact 
angles are however dilfloult to indicate and also the inten- 
sity does not fluctuate so largly ns on the other side. 
But a slight fluctuation could be noticed. This suggests 
the formation of supernumeraries. With still further 
decrease of », the glories are formed which are described 
before. These observations of the sharp maximum at 
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about 44° are also consistent with tho ordinary theory as 
deduced by Airy, Pernter, Mobius, 1 and others from 
which it follows that the rainbow bands produced by 
very small droplets are not only broad, but also feeble, 
and as their colours necessarily are faint, they frequently 
are not distinguished, the bow appearing merely 
white. 8 

According to the ordinary theory of the rainbow as 
deduced from wave principles, the supernumeraries should 
appear, the distance between the maxima decreasing with 
the increase in size of the droplets It should be remarked 
however, that in the solution of the problem it is assumed 
that the wnvefronts are necessarily unlimited or infinite — 
compared »ith the wave length of light—on both sides 
of the inflexion point. This is only valid in the case of 
very large drops , but as soon as we come to sizes not 
excessively large in comparison with the wave length of 
light, the assumed extended character of the wavefronts 
has no counterpart in reality and Airy’s method of treat¬ 
ing the problem ceases to be justifiable and a stuctei 
investigation is called for The theoretical treatment of 
this problem will be taken up in section 5 

The coronas or iridescent clouds show no trace of pola¬ 
risation, and indeed the scattered light from 0=180° to 
6 = 45° (nearly) is practically unpolarised At about 0 = 4<«> 0 
the light is polarised, the intensity of ||' component being 
greater than that of the -L r one. 1 * With further decrease 
in 0 the intensity of ||' component decreases and that 

1 Peinter—Mcteorologuche Optik 
Mobim—Ann dor Pliyi , 1010 and 1013 

■ Humphreys (f c ), page 477 

1 The H 1 component u the component having the vibrationa in the pi inn 
containing the direction of the incident rny end the direction of observation The 
vibration is perpendicular to tho direction of observation The J. T component, has 
Its vibration perpendicular to the above plane Tho vibration ia also pcipendicular 
to the direction of observation, 
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of the other increases, and we reach a neutral point 
at which the two intensities aie equal The two compon¬ 
ents are differently coloured, generally red and green, 
the colour also changing as e is changed, lieyond this 
the ratio of the intensity of the two components shows an 
oscillation with varying 6, tlic oscillations being most rapid, 
with the larger particles (3,!. or more) With the smaller 
drops in passing through the smaller values of o, the 
eolour'appears sooner in the two components tlinn with 
larger drops, otherwise the general appearance is the 
same. The polarisation of the scattered light 19 thus 
practically confined within the region 6=0 " to 4.V and its 
oscillatory character is quite prominent. The difference 
of colour of the two components is perceived at the 
largest value of 0 within this range when the drops are 
smallest 


lit got 011 s Treatment of Diffraction Problem on the 
Electromagnetic Theory. 

Let us suppose that a beam of unpolansed light fails 
on a spherical obstacle with its centre as the origin and 
also let the light travel in the negative direction along the 
axis of z Suppose we confine oiir observation to a hori¬ 
zontal plane (ie. piano containing Z, X) at a distance 
r from the centre, and making an angled with the incident 
beam If X, Y and Z denote the electiic forces parallel 
to the three axes in the scittered wave, then the \eitical 
component of the scattered light is denoted by Y and the 

horizontal one by —- Love’s solution as corrected 

1 

and modified by the late Lord Rayleigh 1 gives the follow¬ 
ing expressions for the two components. 


1 Pioc Roy Soc, Vnl 84, Ser A, 1910 
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cZ-cX 


fl I h ((t — /) 
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(_ lr + . 2-, + 1 [Nil/i iV- H (« + lj J\} 
,1 = 1 »' (" + !) 


,L (ct-,) 

+ M - 1V] -17 


In these equations, A= , A being the wave length of 

the incident light, M = u ,s 0 and P. or P„ (,t) is a zonal 
harmonic of degree » wlioso axis is the axis of s. Mod Y 

tr y 

and Mod ' ‘ l - give the amplitudes of the two compo¬ 
nents and their squares give the intensities M. and N. 
are functions of the size and optical properties of (he 
spherical particles The complete expression for N« is 




'l'.(y) 


- KK -<'» + { K -< fi * + ,)+'] «■'’» 


and for M. 




-K._ 1 W+*yj£ P >E.(.,) 

tAv) 

The expression for M. is obtained by substituting h- 
the magnetic permeubility instead of K. Tn optical 
problems we may take K=1 so that the expression for 
M. stands as above. 

K is the dielectric constant of the matciial composing 
the spherical particle, that of the surrounding medium 
being supposed equal to unity. K may be substituted 
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for in' where m is the refractive index of the material 
composing the spheres, relatively to the surrounding 
madium and V=»»v 

^.=(-1)* 1 3 5 7 9 (2»i + l, ( 1 f V*"- 7 ' 

\ n iIt) ; i i 

and 

E.=(—1)" 13 5 7 9 '2n + l) ( - ± X c - 

\ i) dt) J i) 


so that E, (ij)=*. Ctj)— i (ij) where real and imaginary 

par's are separated 

In the case of the water droplets m is taken to be 


or 1 3333, the surrounding medium bjing air, K=( | V 


It appears from the above expressions that arithmetical 
calculations with higher lalue of v or (Aa) are very heavy 
and tedious, but in Older to have an idea about the inten¬ 
sity distribution, calculations hnvo been made wilh ka= 
12 , a very tedious piece of work so far as the arithmetical 
computations are concerned 

In order to calculate the values of E»(i?) the sequence 
formula was used 


_ (2« + l) (2n + 1) 

^ 1 —-i - 

v § 




starting from En and Ei. This method is satisfactory 
as regards the real part of E.(^) but as the imaginary 
part tends to equality, any error that may creep in is 
multiplied at the next step by a large factor (2n+l) 
(2n + 3). This difficulty may be overcome in the following 
manner when the convergence is good. We may 
calculate the value of and by a straight-forward 
method very accurately Having obtained tht?m, we may 
then use the sequence formula in a reverse direction to 
find the lower values without any loss of accuracy. 
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The values of v and ^ were calculated for Aa—12 and 
tabulated in table I at tlie end of the paper. The 
logarithmic values of M. and N. are tabulated in 
table H 

r i he quantities ^ P„'-(2»+l) P„ or B. and -?H±A 

P.’or A. are functions of v and h. Their logaiithmic 
values for cos 0=0, 1, 2, 3, 1, 5, 6, 7, ’8, 95, 9, 95, I, are 
tabulated and the signs of A. and U. have to be changed 
properly in obtaining arithmetical values when o is 
negative. 1 

Fig 0 



Curves are drawn in Figs. 6 and 7, representing inten¬ 
sity or 


(Mod ¥)■ and (Mod 


*Z-zX 


)’ 


Coronas: It will be seen that in (he transmitted 
direction, the oscillatory character of the intensity of the 


1 proc. Boy VoK 84, 1010 
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scattered light is most marked, .showing sharp maxima 
and minima. Clearly these are the positions of the 

P«K 7 



_L component 

normal coronas, described be foie. Accoiding to the ordi¬ 
nary theory, the positions of the maxima and minima are 

given by the relation .Si»0="‘ \ Where these numerical 

values for the positions of the maxima and minima and 
compared with those from the rigorous theory (in the 
case calculated), they are found to differ by 5° to 6°. 
This discrepancy is to be expected as we have seen before. 
It is of interest to compare those positions in the case of 
perfectly conducting particles. Arithmetical calculations 
for such particles (ka -9 and 10) have been made by 
Proudman, Doodson and Kennedy, (Phil. Trans., A, 
Vol. 217) on the rigorous electromagnetic theory. The 
positions for maxima and minima are taken from their 
paper and when compared with the ordinary theory, are 
found to agree very well within a few per cent. 
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Intensity of the scattered light :—When e decreases, 
the resultant intensity decreases rapidly till at about 
90° it is practically nothing, and sharply increases at 
44°, which is near the position of the primary bow. 
With still further decrease in # , the intensity fluctuates, 
showing supernumeraries Ordinary theory gives the 
position of the supernumeraries for various sizes of the 
particle (see Humphreys’ book page 4761. But for the 
size we have calculated ka = 12, the position of the next 
maximum will be about 8° to 9° from the position of the 
primary bow, but according to the rigorous calculation 
it is about 14°-15° from that position No such sharp 
maximum as demanded by the ordinary theory at such a 
distance could be observed. The intensity of the light 
slightly diminishes only to rise again. Accurate measure¬ 
ments of the positions of the next maximum could not be 
made, but the approximate position agrees better with the 
rigorous theory than with the ordinary one, thus showing 
the limitations of Airy’s theory. 

Polarisation of the scattered light :—From the graph 
drawn, it is found that light is not polarised in the direc¬ 
tion of transmission nor is it polarised in the direction 
& =180° to 46° (about) Atfl =45° the polarisation can 
be detected and the best positions for detecting it lie 
within the region ® = 0° to 45°. This includes the region 
where the brocken-bow is formed and the rain-bow which 
is also polarised. These facts agree with what is actually 
observed experimentally As a contrast the graphs for 
conducting particles with ka= 9 and 10 drawn by 
Froudmann, Doodson and Kennedy 1 may be referred to. 
It is found there, that light is only polarised in the 
directions where the normal coronas are formed and is 
unpolarised in the directions towards the source. (Just 
the opposite effect is observed with dielectric particles). 


6 


1 Loc. cifc 
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Summary and Conclusion. 

The paper describes expeiimental and theoretical work 
dealing with the following optical effects shown by clouds 
of small liquid droplets (1) coronas (2) glories or 
hrocken-bows (3) white rainbows and (4) polarisation of 
scattered light. 

The following are the principal results 

(1) Simpson’s theory that iridescent clouds seen at 
large angles from the sun arc really fragments of un¬ 
usually largo coronas formed by exceedingly small 
droplets rccoives an experimental verification 

(2) The gloues or brocken-bows seen when a bank of 
cloud is viewed by reflected light are shown to be an 
independent phenomenon due to primary scattering of 
the sun's rays by the droplets and are not coronas due to 
secondarily scattered light ns has been suggested by some 
previous writers They are experimentally found to 
possess a character different from that of coronas. It is 
shown that they are due to the integrated effect of the 
whole wave-front having approximately the form of a 
spherical cap bounded by a cuspcd edge emerging after 
internal reflection at the tear surface of the droplets and 
the mathematical theory is worked out and shown to be in 
agreement with experimental results. 

(’1) The light scattered back nearly in the direction of 
the source within the region 0—0° to e «=45° shows 
remarkable alternations of its state of polarisation in 
different directions 

(4) A rigorous calculation on the basis of the electro¬ 
magnetic theory shows that the elementary theory of 
coronas is considerably at fault in the case of very small 
drops and also that Airy's theory of supernumerary rain¬ 
bows ceases to be applicable in the cose of very small drops. 
It also explains the effects observed under (3). The 
theoretical intensity curves show at a glance the relation 
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between the various phenomena and the rudimentary 
development of the white rainbow even m the case of such 
small particles as 1 ^ in radius 

The investigation was carried out in the Palit Labo¬ 
ratory of Physics at the University College of Science, 
and the author is indebted to Prof. C. V. Hainan for his 
unfailing interest and suggestions during the progress of 
the work, and especially for his encouragement during 
the period of tedious arithmetical work involved in the 
preparation of the paper. 

Calcutta, the 23rd July, 1922 
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TABLE I 


n 

* 

* 

0 

070325 

- 041708 

1 

- 0097117 

- 018512 

2 

— 0083374 

0027290 

3 

00013404 

0051028 

4 

0037038 

0010647 

ft 

002378*1 

- 0028171 

(i 

- 0014050 

- 0018550 

7 

- 0051239 

- 0014052 

R 

- 00G5843 

004J382 

9 

— 0032758 

012882 

10 

0091(570 

023069 

11 , 

01173(5 

■03G181 

! 

12 

1.1005 

019981 

n 

41397 

064698 

14 

1 5437 

080034 

15 

7 0485 

095747 

10 

39 100 

111654 

17 

257 01 

127609 

18 

1959 2 

143501 
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TABLE II 


n 

M. 

N. 

1 

1 (57 7 00—i 81631/ 

i 69819-i-67IC4/ 

2 

1 69021-1 602721 

i 683 43-i 80029* 


i 69040-1 77697/ 

l 67032-1 51066/ 

4 

i G1610— i 33021* 

1 69846-i 67673/ 

5 

i 07701 — I 53704* 

I 59653-1 2SG3G/ 

a 

i 56442—i 20103/ 

T 53155 — 1 13009r 

7 

3 90520—j 81322* 

l 45291—j 94594/ 

R 

l 10900-2 037251 

2 509 59 -j 01964, 

9 

-I 33569—2 G9J40, 

-I 41525-2 86341/ 

10 

-l 69890—r 70228/ 

-I 35601-1 45966/ 

11 

— j 69838— l (57593/ 

— 1 69888-1 70788/ 

12 

-I 69868-1 71434/ 

-i 49990—i 94811/ 

11 

i 63080-1 38105/ 

i 53605-i 13602/ 

11 

2 63045 — y 30165/ 

i 75577-a 51296/ 

15 

3 71746-5 5749L 

2 00150-i 00300/ 

1C 

l 92540-7 85000, 

a 85100-6 78216/ 

17 

4 03062- 

4 39923 

18 

5 09000- 

6 52403 
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TABLE for (Mod 1')* and ( Mod )' 


/i=cos0 

(Mod Y)' 

( Mod * Z "* X 

1 00 

34 1 

•u 1 

0 90 

21 2 

36 2 

0 90 

28 9 

38 3 

0 85 

34 3 

28 G 

0 80 

4 8 

15 2 

0 70 

24 7 

' 34 9 

0 GO 

! io i 

9 5 

0 50 

4 8 

2 9 

0 40 

11 2 

9 1 

0 30 

4 4 

3 1 

0 20 

4 9 

4 G 

0 10 

11 2 

10 4 

0 00 

2 1 

2 0 

-0 10 

G 3 

7 1 

-0 20 

20 1 

20 3 

-0 30 

17 5 

18 1 

-0 40 

06 G 

G8 4 

-0 50 

20 2 

21 1 

-0 GO 

94 6 

95 1 

-0 70 

52 0 

50 7 

-0 80 

179 9 

181 4 

-0 85 

163 6 

164 8 

-0 90 

130 1 

132 1 

-0 95 

280 6 

282 1 

-1 00 

848 G 

848 G 




III. Earthquake Coda 


By 

Da. S. K Baneiiji, D Sc , 

Director, Colaha and Bombay Obsen atones 

No satisfactory explanation has yet been offered for 
the appearance of the peculiar prolonged disturbance 
having small amplitudes and somewhat irregular move¬ 
ments which follow the maximal or the long wave phase 
in the seismogram The difficulty of identifying this part 
of the seismogram with the known types of wave propaga¬ 
tion has led some seismologists to doubt the existence of 
Rayleigh waves (see, for instance, Davison’s Seismology, 
p. 150 , 1921 ) although the theoretical value of the velocity 
of propagation of Rayleigh waves has been found to be in 
close agreement with Klotz’s estimate for the mean velocity 
of the initial long waves. It has been supposed by some that 
the coda is a local phenomenon and represents merely the 
subsidiary free vibrations of the earth’s surface crust set 
up by the impulse of the earthquakes and that its nature 
and duration are largely determined by local conditions 
If this view were correct the coda should show smooth 
decayed vibrations and it is doubtful whether coda could 
last for houn as it is known to do for distant earthquakes 
in view of the strong dissipative forces which must influence 
any free vibrations which the surface crust may take up. 
Others have maintained that the coda represents the 
effects of after-shocks only, but this view is again untenable 
on account of the fact that the effects of after-shocks 
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should be traceable in all tho phases and not simply in 
the coda. I have lecently examined tho large number of 
seismograms collected in the Colaba Observatory and 
compared them with seismogiams from other Observatories. 
A1 though'I could trace possible local influence and instru¬ 
mental complications cn the entire record, I could not 
accept the view that the local conditions are mainly 
instrumental for the production of the coda The coda 
presents peculiarities which are different in different 
earthquakes It shows a succession of maxima the 
number and position of which are different in different 
earthquakes It is on tho whole periodic and sinusoidal 
(about 12 seconds ) and in this respect it presents a striking 
resemblance to the long w T ave phase In view of this 
similarity one is disposed to think that the coda and the 
long-wave phase have a common origin. It seems to me 
that the whole question is bound up with tho mode of 
production of Rayleigh waves It has been suggested that 
the long waves are those distortional waves which suffer 
innumerable reflections at the surface and, as it were, 
creep round beneath the surface as in the case of the 
whispering gallery phenomenon But whether this mode 
of creeping of waves beneath the surface constitutes an 
essentially different phenomenon from the so-called Ray¬ 
leigh waves remains to he seen On the other hand the 
identification of the long wave phase with the Rayleigh 
waves gives such n satisfactory explanation both as regards 
the unusually high preponderance of this phase and the 
velocity of propagation that no scientist should lightly 
discard Rayleigh waves simply because he has not been 
able to explain the coda. Suppose we consider the distur¬ 
bance originating from a finite earthquake focus having 
an average depth of 10 Km. Initially only irrotational 
and equivoluminal waves will he generated but no Ray¬ 
leigh waves. If the force at the focus he a succession of 
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impulses or consists of a series of shocks anti also after¬ 
shocks, then a succession of these waves will be generated. 
The 11 ay lei gh waves being two-dimensional disturbances 
will require a two-dimensional source for their production 
and it is piecisely when the mutational and cquholununal 
W’aveH reach the epicontial tiact that this region acts as a 
secondary source of distuibanco for the production of ltay- 
leigh waves 



In the figuic, F is the focus, E the epicentre and 
O the observer Once it is lecognised that a part of 
the enoigy emanating from the focus F and carried away 
in the form of irrotational and the equivoluminal weaves is 
capable of being transfoimed into Rayleigh wares on these 
waves reaching the surface, no difficulty is experienced in 
explaining the coda. For there is no reason why this 
process of transformation should he con fined to the epicen- 
tral region alone, although no doubt the hugest ellects 
wull be produced there which will mainly account for the 
maximal phase in the seismogram. The body waves will 
ho propagated in all directions fioin the focus. Those 
reaching the surface betw’een the epicentre and the observer 
(minor arc) will be partly reflected into weaves of the 
original type and into wrchnehoeUen and partly transformed 
into Itayleigh waves The Rayleigh waves so formed will 
reach the observer earlier than those produced in the 
epicentral tract and consequently will he mixed up with 
the distortional waves and shown in the 8 phase. On 
the other hand those waves w hich reach the surface on the 
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side of tbo epicentre away from the observer (major arc ) 
will be similarly partly reflected and partly transformed 
into Rayleigh waves, the latter propagating in all directions 
over the surface. These Rayleigh waves after passing 
through the epicental tract will evidently reach the obser¬ 
ver later than those generated in the epicentral tract and 
consequently give rise to the coda in the seismogram. 

Meteorological Office, Simla. 

July 28, 1922, 



IV. On the Chronographic Determination 
of Acceleration of Gravity 


By 

Durgadas Banerji, M.Sc., 

Demonstrator tn Physics, 

University College of Science, Calcutta . 

Introduction 

In his well-known investigations with the phonodeik, 
D C. Miller 1 used a chronographic fork giving a very 
brief flash of light through slits attached to it 9 prongs 
once in each oscillation which was registered on the 
moving photographic him and served as a standard 
against which the frequencies of sounds recorded on 
the fllm could be determined. A similar device has 
been employed for oscillographic determination of fre¬ 
quencies in instruments constructed by the General Elec¬ 
trical Company. 8 The merit of the arrangement lies 
in the sharpness of tho lines representing the successive 
flashes on the fllm which permits the measurement 
of their relative positions to a high degree of accuracy 
and so surpasses, for all quantitative purposes, the 
method of recording the vibrations of a tuning fork on a 
smoked paper ordinarily used in chronographic work. 
Various types of instrument 1 have been developed using 
the ohronographio or fall plate method for the determi¬ 
nation of the acceleration of gravity, but all of them 

1 D 0 MilMr, 11 Science of Musical Boundi, Macmillan, 1014, 

1 Journal of the Franhlin Institute! 1022, 

1 Of Brown's or Edelmann’fl apparatm, School Science and Mathematics YIU* 
p. 367, 1006. 



52 


T)T7HG VI) VS BANE IIJI 


suffer from the common defects—in that ( 1 ) the resistance 
offered liy the smoked plate to the style of the record¬ 
ing fork is uncertain and (li) the computation of distances 
of fall from the wavy nature of the records is liable to 
much uncertainty—and so there are, in fact, serious 
drawbacks in all quantitative determinations of the cons¬ 
tant from measurements of time and the corresponding 
distances of fall 

In the following investigation the acceleration of gra¬ 
vity was determined by dropping a pbotogiaplnc plate on 
which ehronographic flashes were recorded by an elec¬ 
trically-maintained tuning fork as in D C Miller’s work, 
the frequency of the fork being simultaneously determined 
by direct comparison against a standard clock by the method 
of the sub-synchronous pendulum’ developed al Calcutta 


Theory of the Method 

The vertical distances of fall of a body from the 
point of rest being represented by S,, S 2 , S, . and 
the corresponding times of fall by t, t + T, t + 2T 
where T is a constant such as the period of a fork, the 
following equations connect the distances of fall and time 
with the initial velocity (u), if any, of the body and 
the acceleration of gravity acceleration at the place. 


Si=ut+ igt 1 

... (1) 

S 2 = u(t-|-T) + ig(t + T)- 

(2) 

S a =u(t + 2T) + Jg(t+2T)- 

(3) 


4 For fullpi information tide Piof C V, Unman nnrl A Doy, Proc Iloj\ 
Sac, Vol. 05, 1010, also Durg&daa Danerji, Proc I ACS, Vol VII, Parts 
III & IV 
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.Eliminating u and t from the above equations 

9 n ^ a ' S| a ^ i 

T 2 

=« i [s 1 -s a -s.-s, ] (1) 

Wheie it = frequency of the fork, and S, — Sj and 
S 2 — S, measure the distances of fall in two successive 
periods of the fork The equation (1) being true only 
for vacuum, a correction term due to frequency is lequired 
to bo added to (t) for fall under atmospheric or 
reduced pressure given by 

VxOOOlii'fh n 

+ Mil + U0lMl>7t) 7<>0 

where V is the volume and M the mass of the falling 
body 13 and t the pressure and temperature oT the air 
respectively The viscous drag on the falling body 
which is independent of pressure but depends on the 
velocity is not such ns to atlect the results seiiously in 
the imhal stages of fall of a heavy body, and the cor- 
lcsponding correction may he left out of account specially 
in work under reduced piessure. 


Apparatus find JErpcnmental Procedure and licsults. 

Sunlight falling on a rectangular horizontal slit is focus¬ 
sed by a lens on a pair of fine horizontal slits - forming a 
stroboscopic arrangement—attached to the prongs of a tun¬ 
ing fork (frequency G()/sec ), so that, when the fork is not 
vibrating, a well-defined horizontal slit of light diverges out 
from the back of the slits The stroboscopic slits may be 
made by fixing in juxtaposition the sharp edges of cut 
Gillete-razor blades so as to leave a slit of 1 /5th mm. width 
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in metal plates rigidly fixed on to the prongs of the fork. 
The light passing through the slits is focussed by another 
lens through a glass-window in a vertically fixed cast-iron 
pipe in which the photographic plate could be dropped by 
electromagnetic release in a vertical plane containing the 
point of focussed light. The pipe is closed below and might 
be evacuated through an air pump connection below 
after closing the top with a ground glass lid fitted air¬ 
tight by a paste' of rubber grease and paraffin. A wood¬ 
en lid of the pipe fixed below the glass lid holds an 
electromagnet which could be operated from an outside 
switch and from which is hung, in bifilar suspension of 
strings, a rectangular slide constructed so as to hold in 
vertical position a half sized photographic plate just 
above the point of focussed light in the same vertical 
plane with it. The exact verticality of the hanging slide 
was ensured by attaching counterweights on the back¬ 
side of the Blido. The slide after being loaded and tested 
for verticality could be enclosed in a paper cover which is 
taken out after hanging it in position in the tube. 

The procedure adopted in measuring the frequency of 
the fork accurately is to run in maintained oscillation a 
100 cm iron rod pendulum by an electromagnet in series 
with the interrupted current of the fork. The pendulum 
being hung in front of the standard laboratory clock, 
determinations of its frequency could be made each time 
before and after a record is taken, by noting the coinci¬ 
dence period—for the same phase of motion—of the reflec¬ 
tion of a bright source from the mercury bob of the clock 
pendulum and the shadow of the sub-synchronous pendulum 
rod cast ou a tissue paper scale fixed so as to have the 
two amplitudes on it equal. The reflection of the slit of 
light being focussed on the tissue paper by a lens, 

* A ini table paste i$ made by mixing together 20 parti of India rubber, 
10 parts of great© and 4 parti of hard pan An over a slow An. 
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computations of the coincidence period could be made to 
within a fifth of a second. Calculations of the frequency 
of the fork are made from the relation »=mN where m 
is the constant frequency ratio (an even integer), and N 
the calculated frequency of the sub-synchronous pendu¬ 
lum estimated to have an accuracy of 100,000. 

In the measurement of the distances of the sharp 
edges of the records on the Adam Hilger comparator 
microscope reading to a thousandth part of a mm., the 
possible sources of error were the discrepancies due to 
random and systematic errors of setting the cross wire on 
the edges of the mark and were sensibly minimised by 
taking a large number of settings on parallel lines near 
enough and taking the mean. The frilling of gelatine 
on the photographic plate was not such as to affect the 
readings to the third place of decimals. 


TABLE I 


Serial 

No 

71* 

*■ + a! 

-2a. 

* 10 1 

Calculated 

apparent 

B 

Buoyancy 

correction. 

Corrected 

8 

Remarks 

1 

3027 801 

3232 

078 54 

0 23 

978 77 

1 

l 

2 

3027 508 

3232 

078 61 

0 23 

978 74 

1 

, 

3 

3027 oai 

3232 

078 54 

0 23 

978 77 



4 

3026 415 

3233 

07 8 44 

0 23 

e7B87 


Flatei under 







atmospheric 

5 

3026 G01 

3233 

078 60 

0 23 

978 73 


pressure 

0 

2956 658 

3309 

078 42 

0 23 

978 05 



7 

2019 782 

! 

3352 

978 71 

0 05 

078 78 



6 

2019 249 

3353 

078 72 

0 05 

978 77 


1* Plate! under 

9 

2020 754 

i 

! 

3351 

078 74 

005 

078 79 


press area 15 to 
20 cm! 

10 

2010 752 

3352 

078 71 

000 

978 77 

- 



Table I gives a few typical measurements from plates 
for fall with air under the atmospheric pressure and when 
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reduced to lfi-20 cms of mercury by a hand pump The 
accepted value of g for Calcutta being 978 70, the results 
obtained arc fairly correct to the first place of decimals. 
It will be noted that though the buoyancy correction has 
been reduced consideiably under diminished pressure, the 
viscous drag on the falling plate is not such as to affect 
the results to the first place of decimals, in pressures of 
air considerably reduced. It is hoped to continue the 
work in much higher stages of vacuum when a suitable 
opportunity arises. 

In conclusion, I have to express my best thanks to 
Trof. C. V Raman, for the great interest he took in 
the work. 

University Cnllego or Rcienc* 1 , 

CahuLU 
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V. On the Oscillations of Spheroidal Drops 
and the Phenomena of the 
Spheroidal State. 

By 
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Part I.— The Oscillations of Spheroidal Drops 
1 Introduction. 

It is well known that when the upper surface of a 
vibrating plate is covered with a layer of mobile liquid, 
the surface usually presents a beautifully crispated 
appearance. A full account of experiments on this 

8 
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subject was given by Faraday in the Philosopbic.il 
Transactions of the Royal Society, 1831 .Vnothov scries 
of beautiful forms arc observed when, instead of a layer 
of liquid, we take a drop which docs not wet the surface 
and rests on it m the form of a spheroid These seem 
to have been first observed by C AV Batdorf 1 In the 
present note an account is given of the quantitative study 
of the vibrating drops The natural frequency of 
oscillation has lnen investigated, and it has been found 
that the amplitude of motion must bo taken inLo con¬ 
sideration in deducing the frequency The relation 
between the vertical motion of the support and the 
horizontal oscillation of the drop has been determined 
It has been found that the maintenance falls under the 
class of those under forces of double fiequeney as in 
the rises discussed by “Faraday uhere the motion of 
tho liquid surface is vertical 

3. Experimental Details 

In order to study the oscillation of the drops Prof 
C V. Raman’s Motor Vibrator 2 was used with a slight 
modification. The rocking lever was made to vibrate in 
a vertical direction Attached to this was a watch-glass 
which was capable of sliding along the rod and of being 
fixed in any desired position, large variations of its 
amplitude of motion could bo made by shifting the ciank 
pin along the slot (see p 447, Physical Review, 
Nov. 1919), and finer adjustments of amplitude were 
made by moving the watch-glass along the vibrating 
lever. The frequency of oscillation was kept constant 
by a sliding rheostat, and a stroboscopic fork. The 
frequency was kept constant at about 60 oscillations per 
second, and clean mercury drops were used. 

1 0 W Buldoif, I'll} yu.il IU'MI'M, Do,. 101J 

* Pio[ C V Raman, Uqy iow, Nov 1019 
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In order to measure the diameter and the amplitude 
of vibration of the drop, the following arrangement was 
made. Light from an arc lamp was reflected through 
the bottom of the watch-glass, and by means of a right- 
angled prism, an enlarged picture was obtained on a white 
screen by a good lens This arrangement is suitable for 
showing the phenomena to .1 large audience, and for 
photography 

"When the support oscillates up and down, tho drop takes 
the form of a peaked star, the number of star-points 
depending upon the frequency oE vertical oscillation, and 
on tho dimensions of tho drop The crests and troughs of 
the marginal wave succeed each other so quickly, that wc 
cannot detect the different phases of the motion. Hence 
we observe double the number of star-points actually 
present By changing the dimensions of the drop, tho 
number of star-points may be increased, the frequency of 
vortical oscillation being kept constant 

Tlate I shows some of the star-figures obtained Fig (1) 
represents a two-point star, photographed as a four-point 
one The circular figure of equilibrium assumes an 
elliptical shape Tho vibrating part of tho drop is easily 
recognised by the half-shaded portion. A figure (not 
reproduced) shows a three-point star, the shape of the 
disturbed figure being an equilateral triangle. Fig (2) 
shows a four-point star, the disturbed figure being a 
square Figs. (3) and (l) shows five- and six-point stars 
in which the disturbed figures are a pentagon and 
hexagon respectively. 

3. Determination of the frequency of the star-points. 

To find out whether there was any definite relation 
between the frequency of vibration of the star-points, 
and that of the vertical oscillation for different oases, 
an electromagnetic vibrator was brought in unison wilh 
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the vertical oscillation, and its movement and that of 
the vibrating star-point, were simultaneously photographed 
as wavy curves. Figs. 5 and C show simultaneous records, 
from which it is evident that the frequency of vibration 
of the star-point is half tlint of the vertical oscillation. 
In this way, when by varying the diameter of the drop 
the number of star-points was changed, it was observed 
that the above relation remained true. It was also 
noticed that Ihe motion of the star points was not 
symmetrical and simple. The nodal points also were not 
places of absolute rest, but a slight regular motion w r as 
perceptible. 

4 Calculation of the natural frequency of oscillation 
of the star-points. 

'Ihe motion of the star-points is practically confined 
to two dimensions, and then the calculation becomes very 
simple by llayleigh’s method of energy. Let us represent 
the radius vector at any instant in the form 

'=“[1 + 51 a, fOh ii 0 (1) 

The potential energy due to capillarity from the 
configuration of equilibrium is given by 

V=J w T (n 1 —1; a.* u (2) 

where a=radius of the drop 
T=surface tension 
n = number of the star points 

The velocity potential of the liquid motion is given by 

dy.i Qj + 2 dy =0 

Qr 1 j r 1 0 ^* 


\ ift = A ? 1 cos n 


W 
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where A is determined from the condition 


QJ' — 

d> 


dr 

dt 


lien i =a 


The kinetic energy is by Green’s theorem 



*= \ p A 1 h a 1 " 


On putting the value of A wc obtain 



From (2) and (l) the frequency N is calculated and 
found to be given by 

47T* X*= T “ (5) 

Formula (5) is only true when the amplitude of 
motion of the star points is small. Dr Bohr 1 has given 
a formula when the amplitude of motion is Unite and not 
infinitesimal. Ills formula is given by 


f 1_ (<**—1) (34« s —33 h* + 50u—IS) 

~ q l !(.«■ (2»'+l) 


(G) 


whcic 7 = ^" ^ approximate]} 

From (5) and (6) it is evident that the effect of the 
finite amplitude of motion is to diminish the natural 
frequency Table I shows a comparison of the calculated 
frequencies from formula: (5) and (6) respectively. 


1 Phil, Tram Hoyal Society, Vol, 209. 
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Table 1 

Mercury Di vji* 

l iei[uciip> of the vcitical oscillation <ifl per second 


Niimlici of 
slar point 

i 

i 

Diameter 

t m 

i_ 

\ mplituile 
cm 

1 

i 

Cftlt uluteri 1 
frequenej 1 
fitirn (5) 

CakulfiUM | 
frequency 
[ fiom (0) 

i 

riiquciicv 

3 

51 

1 

08 

17 

! 

29 <i 

30 

1- 

71 

07 

Ah ! 

31 0 

10 

5 

1 0 

05 

.11 

29 1 

30 

<j 

1 08 

08 

3<> 

29 1 

30 

| 

7 

l 32 

07 

3* 

*0 0 

; w 

8 

1 --2 

OS 

57 

30 0 

j 30 

y 

1 49 

; os 

i 

j 

U 

32 0 

i 

30 


The frequency of the star-points should he about 30 
per second, and from the table it is evident that the 
calculated values for formula (5) are much greater than 
the observed values, while formula (0) agrees well with 
them 


5. Maintenance of vibration of star-points. 

The up and down motion of the support disturbs 
the figure of equilibrium oE the drop. The simplest 
disturbed figure from a circle is an ellipse. This means 
that when there is contraction of the circular boundary 
in one direction, there is extension m another, and vice 
versd. As the support is moving upward, let us suppose 
that the liquid is also moving away from the centre of 
drop in a horizontal direction. At the instant when the 
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supporL is at the extremity o[ its upward journey, tlio 
liquid still movos outward on account of its inertia, 
stopping when the support is at the extremity of its 
downward journey At this instant the restoring force 
is very large, and as the support moves upward, the liquid 
moves inward ; this inward motion comes to an end when 
the support is at the extremity of its downward journey. 
This outward and inward motion of the liquid shows 
up as star-points It is now clear from the nature of the 
motion of the star-points that the period of oscillation 
is double that of the support. It is also evident that the 
moLion cannot be symmetrical since tbc inward motion 
is to some extent resisted, hence the oscillation cmvo 
of the star-point, see Figs 5 and (>, is asymmetrical The 
curve also show's presence of harmonics. 

Part II —The Phenomena of the Spheroidal Si vtb 

1 I ill rod nc l to n 

The phenomena of the spheroidal state of water 
engrossed the attention of the early physicists whose 
first object was to establish whether the drop of water 
touched the surface of the hot plate or not This being 
settled, the question arose as to how the drop is enabled 
to float on a cushion of its own vapour. In 1878, Johnstone 
Stoney 1 put forward the theory of polarised stress arising 
from the difference of temperature of the small gap on 
its two surfaces His expression for the stress S is gmn 
by 

Q 1 

FT 

where Q represents the heat conducted across the gap 
per second, P is the vapour pressure, and T the absolute 
temperature of the gap. Q can be calculated if the width 
of the gap, its area, ami tho thermal conductivity are 


1 British Abboc Report, 1878 
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known. Hence if Stoney’s theory be correct, the width 
of the gap at different temperatures of tho hot plate must 
be capable of calculation 1 With a view to test this, the 
investigation of the theory of the spheroidal state 
was undertaken at the suggestion of Dr. Hainan The 
experiments resulted in establishing a definite relation 
between the width of the gap and the diflerence of 
temperature between tho hot plate and the drop, mid 
some interesting facts were also noted concerning the 
gap and the star-form oscillation of the spheroidal drop. 

2. Experimental arrangements. 

A simple arrangement was made for the observation 
of the gap The drop rested on a polished convex plate 
of silver which was heated by a Uunsen burner, and is 
anchored by a fine wire held above it, to which the drop 
sticks without interfering with the phenomena at all 
A powerful beam of light from an arc-lamp passes 
thiough tho narrow gap between tho drop and the plate, 
and a magnified image of the gap is focussed by a 
camera lens on a screen where its behaviour can be 
observed. All superfluous light can be cut off by suitable 
screens placed behind the drop The temperature of the 
hot plate was noted by a thermo-couple soldered to it. 
The temperature of tho drop almost remains constant 
at 95 6°C as has been shown by Hatdorf,* hence Ibe 
difference of temperature between the hot plate and the 
drop was simply obtained by noting the temperature 
of the hot plate, and subtracting 96 c C from it. 

In order to study the variation of the width of the 
gap with temperature, the mass of the drop was kept 
constant by keeping the size or the imag$ the Bame on 

1 See also Uixwell'a expression for the polarized stress, Phil. Trnns, 1870, 
p 252 

1 Physical Review, Doc 1912 
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the screen Careful measurements of the gap at various 
temperatures were taken, and a table was drawn up 
It was found tliat the width of the gap was definite at 
a fixed temperature of the hot plate when the size of 
the drop was the same Table I shows the widths of 
the gap at various temperature differences D 

Taiii.k I 


Size of (hop kept couafant u.t > = 7 "> mm 
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In the course of these expel mien Is, it was obreived 
that a fine droplet when thrown upon the hot plate 
began to jump like an elastic hall This led to the 
enquiry if the spheroidal drop actually oscillates up and 
down in a vertical plane. This point was ascertained 
by photographing the gap on a moving plate. The various 
phases of the gap were at once evident from the picture 
It was found that the gap was not stationary, but opened 
and closed periodically. The rate ol the periodic opening 
and closing of the gap depends in a compound manner 
upon the difference of temperature between the hot plate 
and drop and the size of the drop. Fig 7 in Plate I 
illustrates the periodic closing and opening of the gap, 

0 
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the simultaneous record of a style attached to an elec¬ 
trically maintained fork making GO vibrations per second 
indicating the frequency of the motion Since the 
hot plate is stationary, the closing and opening of the 
gap must be duo to the vertical oscillation of the drop, 
the frequency of the latter being (ho same as that of 
the closing and opening of the gap. The asymmetrical 
character of the vertical oscillation of the drop is clear 
from the figure where the white space (when light passes 
freely through the gap) has a greater width than the dark 
space, i e., phase of obstruction to light 

It was found, however, that there aie m fact two 
types of the spheroidal stite. (1) In the first type (100° 
difference of temperature, more or less), the drop is sta¬ 
tionary, no oscillation takes place, uor is any ripple motion 
observed on the surface of the drop, though convection 
currents may be visible (2) At about 200 n difference 
of temperature the drop begins to oscillate up and down, 
resulting in periodic closing and opening of the gap. Tine 
ripples appear on the surface, and vigorous motion of the 
drop sets in , sometimes the drop takes the form of an 
elongated spheroid, moving bodily from place to place 
If this motion is stopped the drop takes a star-shaped 
form. Batdorf has given a complete study of these star- 
forms. The peaks of these star-forms vibrate in the 
horizontal plane, but on account of the persistence of 
vision the drop appears stationary, stroboscopic observa¬ 
tion renders the oscillation apparent. The number of 
these star-points, i.e , the peaks observed is double the 
number that is actually present The number of these 
star-points depends upon the temperature difference 
and the size of the drop. It was found that by slightly 
moving the burner, and thus decreasing the temperature, 
the peaks begin to decrease in magnitude, and then 
suddenly another pattern starts up, the size of the drop 
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remaining almost tho same. If we keep the teinperaLuro 
constant, wc obtain a sene9 of forms in which the star- 
points diminish in number, as the si/.e goes on diminishing 
by escape of vapour from the gap and evaporation 
For the success of these experiments, distilled water 
should be employed, and the plate must always be clean 
and polished To start the star-forms, sometimes slight 
coaxing is necessary. As soon as the body-motion of 
the drop sets in, it must be concluded that the drop 
will soon take up the star-form. By employing a shallow 
plate and a large drop, lug star-forms are obtained 


3. Theory of Spheroidal State 

A relation between 1) and h can be obtained on tbc 
assumption that the whole quantity of steam formed per 
second escapes from the gap according to the law s of 
viscosity, and that the radial velocity of steam is zero at 
the surface of the hot plate and at the bottom of the drop. 
With these premises, wo have the quantity M of steam 
escaping per second 


\t /,>v 

M= V" 


(7) 


where P denotes the excess of presure within the gap 
over the outside, p is the density and M the viscosity of 
the steam. The heat conducted across the gap per second 
is given by 

... ( 8 ) 


Q= — ir a 1 
h 


where K represents conductivity, and a the radius of the 
drop. Hence the quantity of steam formed per second 
is equal to 


m= i S2 


/>L 


(») 


Ij=]atent heat nf steani, 
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Equaling (3) and (a) no havo 

i< =t) J (10) 

Equation (10) which is dimensionally correct shows that 
h is proportional to D if the term in the bracket remains 
constant For the same size of the drop, the term in the 
bracket is almost a constant ; from the obseived values 
of h and D for a given size of the drop given in Table I, 
a graph was drawn with A 1 as ordinate and D ns abscissa. 
The curve is found to be accurately a stiaight line Hence 
the difference of temperature between the hot plate and 
the drop is directly proportional to the fourth power of 
the width of the gap. '1 he absolute value of A can be 
calculated from (i0) by assuming that the pressure inside 
is greater than outside, such that P is equal to the 
weight of the drop. The calculated value ot A comes out a 
little higher, probably on account of the uncertain values 
of the constants in the circumstances, and moreover 
there is always evaporation at the surface At any rate, 
W’e can regard equation (10) to he approximately tiue. 

We have seen that the spheroidal drop oscillates 
vertically , the formation of the star-forms with vibrating 
peaks can now be explained in teims of the vertical 
oscillation. Let us recall the behaviour of a drop of 
meicury resting on a watch-glass made to oscillate verti¬ 
cally discussed in Part 1 of the paper. The drop takes 
the foim of a star with vibrating peaks. The frequency 
N of these peaks vibrating in the horizontal plane, must 
be half that of the vertical oscillation N 1 , therefoie 

N=N>/, (11) 

and the number n of the peaked points is determined by 

>/> — n+Tr’N’a’p/T^O ' . ( 12 ) 

where T is the capillary tension, p the density and a the radius of the 
drop 

1 Rayleigh's Theory of goond, Vol II, p 865 
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Table II has been drawn up from (11) and (12) showing 
the values of N, a and n the number of peaked points. 


Tabus II 


// a ter 


No 

N 

n cm 

n 

l 

50 

74 

4 

2 

100 

72 

- 

j 

i 

100 

G.< 

0 

t 

50 

42 

J 

’> 

100 

1 

7>7 

i 


<) 

100 

f>1 

5 

7 

100 

.10 



It is observed from (1), (2) and (3) that for about the 
same size of the drop when the frequency of vertical 
oscillation is increased two times and three times, the 
number of peaked points increases from four to five and 
five to six respectively. For the same value of N, when 
the size of the drop is halved, the number of peaks is 
also halved, as shown by (3) and (7). The number of 
peaks is approximately proportional to the size of the 
drop when N remains the same 

Just as mercury diops are thrown into vibrating star 
forms by a vertical motion of the support, the same effect 
occurs in the case of spheroidal drops of water. On 
account of the vertical oscillation, the drop takes the form 
of a vibrating star. The frequency of these vibrating 
peaks being always half that of the vertical oscillation, 
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the number of the star-points is determined by the Rizo 
of the drop, For a given size of the drop, when the 
temperature rises, the rate of vertical oscillation N 
increases, so also the number of star-points, ns shown in 
Table II, and remarked above in the preceding paragraph. 
When the temperature remains the same, and the rate 
of veitical oscillation remains constant, the frequency of 
the star-points has the same value, hut the number of 
star-points increases with increasing size of the drop 
But when the size of the drop is increased to such 
an extent as to change the rate of vertical oscillation, 
the resulting change in the number of star-points is a 
complicated one and cannot be calculated from (12) as N 
is indeterminate, i e., the function upon which N depends 
in the case of spheioidal drops of water, is unknown 

The number of star-points is always an integer. 
Hence, w hen it so happens that the size of the drop is 
such that equation (12) is not satisfied with n an integer, 
fine ripples appear upon the surface, vigorous motion sets 
m, till the size changes by evaporation and escape of 
steam from the gap, and equation (12) is satisfied Then 
the star-form begins at once. These ripples and body 
motion of the drop are also observed in the case of 
mercury drops oscillating vertically when (12) is not 
satisfied 


Synopsis and Conclusion. 

Part I of the paper discusses the theory of the star- 
form oscillations of mercury drops resting upon a verti¬ 
cally oscillating glass plate. It is shown that the 
frequency of horizontal oscillation is half that of the 
vertical oscillation The presence of harmonics whose 
frequency is r2 times that of the vertical movement is 
also noticed. It is shown that the large amplitudes of 
motion maintained in practice have a very sensible 



tHENOMEMA OF SPHEROID W, STATE 


n 


influence on the natural frequency of the drop and must 
be allowed for, and that they also result in a distinct 
asymmetry in the oscillations 

Fart II discusses the theory of the spheroidal state 
It is shown that there are two types of spheroidal slate, 
one in which the gap between the drop and the hot plate 
is stationary, and the seconds type in which the gap opens 
and closes penodically The second generally obtained 
when the temperature ot the plate is high , the drop in 
fact executes a vertical oscillation with a frequency 
which may he a few huudreds per second. If the fre¬ 
quency of vertical oscillation of the drop he approximately 
twice that of a possible horizontal oscillation, the drop 
commences oscillating in a star-form, in other cases its 
surface is merely thrown into ripples It is shown, that 
for a given size of the drop, the fourth power of the 
width of the gap is proportional to the difference of 
temperature between the plate and the drop A. quanti- 
tute explanation of this result is given as due to the 
viscous flow of the steam outwaids through the edge 
of the gap under the excess presure nhich sustains the 
weight of the drop 

The experiments described above, were performed at 
the Laboratory of the Indian Association for the Cultiva¬ 
tion of Science, and Ihe author begs to record his deep 
thanks to Piof C. V Hainan for his interest and help 
during the progress of the work, 
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VI. Mersenne and his Ideas on Sound 

IK 

J W, Gilt ay', Delft, Holland 

[Translated ftom the Dutch Periodical 
“ de Natuur ” 1918.Y 

(Plate II.) 

In this paper I wish to write something of Mersennc’s 
opinions, 300 years ago, on sound in general and on the 
motion of strings. 

Marin Mersenne was born in 1588 in LaSoulti^re near 
Oiz6. His father ivas a common farmer Mersenne 
studied first in Mins with the “ Pi* res do l’Oratoire ” 
and afterwards in the College of Jesuits " de la Flfcche,” 
into which College Descartes at the age of thirteen also 
entered. In 1G11 Mersenno was admitted into the order 
of Franciscans, in 1014 he was ordered to lecture on 
philosophy in the cloister of St Francis de Paule, at 
Nevers 

In 1G21 he returned to Paris, where he remained, 
except during two voyages, one to Italy and one to 
Holland, in which latter country he paid a visit to his 
friend Descartes. He died in 1618 

Although not to the very greatest, Mersenne still 
belonged to the men of significance of his time. He was 
befriended and corresponded with the greatest spirits who 
studied physical and musical subjects So, for instance, 
with Coustantijn Huijgens, with whom he corresponded 

1 Published bj* A Oosthook, Utrecht, Holland 
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on a controversy between Boesset and Bannius, who both 
had written music to the same poem 1 

Huijgens called Mersenne “profond philosophe musi- 
cien, tesmoings de grands volumes qu’il en a cscnt ” 

Mersenne has also corresponded with Christiaan Huij¬ 
gens on several questions of mechanics and geometry, 
and also on the connection between the pitch of a string 
and its tension 2 

Poggendorff 4 says of him “ dass er kein Physiker 
era ten llanges war Sein Haupt verdienst mochte wolil 
in einer brieflichen Thatigkeit bestehcu, wodurch er den 
Mangel eines physikalischcn Journals damahger Zeit 
crsetzte and viel Gutes stiftete, mi tun ter aueli Unheil 
anrichtete.” 

Descartes, Gassendi and Thomas Hobbes often visited 
Mersenne, “ une espfece de’Academie s’ctait formce chez 
lui .” 4 

Mersenne had a great mllucnco on Descartes ; this 
caused the latter totally t|) change the ii regular life he 
led as a young officer. 5 

Mersenne also brought about a reconciliation between 
Descartes and Permat. 

If some of Mersenne’s ideas strike us as rather singular, 
we should not forget that natural philosophers, who at 
that time studied acoustics, had very little ground to stand 

1 Jonckbloct and Land, Correspondence and Ocm rea Musical eg de Coimtantijn 
HiiijguiiB Louie, K J Drill, J8H2, p 10 

1 “ Oeuvres Completes do Cltnatiaan Uuijgcna " Pubhcca par la BoluHb 
lJollandaise dea Scioncos, T 1, p 30 

3 PuggendoifT, Geachiclito der riiyailr, p 327. 

* Jonckblocdt and Land, Lc,p 21] 

■ " 11 a’adonna a toutea lea dissipations qul sonL lo noviciafc U’un oHicier do 
qualite Lo jeuno roligicux bl&ma lea mooura do son mm, ct telui li ne n’oETcnan 
paa do cc blame il fit nueax, it chanson, dr lodiuic On h' at cords ft thro quo lea 
bona conaoila de Mcraenno ^Llmrirent nlora Ihsrnrtus aur Iil vocation de aon licurui* 
gftnio, 1 ’ (Nouvello UiblioLh^que Ocneralc, 1801, T 35) 
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on Lairs and rules, that we are so much accustomed 
to aa to consider self-evident, were for the greater part 
unknown: the learned were obliged to find them them¬ 
selves , mechanical contrivances were very few. Thus 
experimenting was nearly impossible, the savants spent 
most of their time on speculative phib sophy. 

We should also consider that it was then very difficult 
to get free of the old ideas about chemistry, alchemy and 
also astrology So, for instance, the old ideas about the 
constitution of metals still played an important role, as 
we shall see where Morscnne treats on the influence of 
the material on the string’s motion. 

Only very great men were then able to achieve some¬ 
thing of significance—mediocrities, who in our time are 
often able to perform some useful scientific work, were 
then not able to make themselves heard. 

For the enumeration of Morsenne’s manifold works, 
and also for further particulars about his life, I nfer 
to the already named dictionary The works I haie 
used are “ Harmonic Umvcrselle,” printed m 1(527, and 
“ Traite/; des Consonances, des Dissonances, des Genres, 
des Modes and de la Composition,” published in 1(535. 
Of the first named book Mersonue sent a presentation 
copy to Christiaan Iliujgnns. 1 Doth hooks are rather 
rare. When quoting from them, I will for shoitness’ 
sake indicate them by II U and T. C. 

Jonckbloet and Land viewed Mersonne chiefly from a 
musical point, as the correspondence with Constantijn 
Huijgens treated only on this department. They write, 
among the rest, “ II est parfaitement inutile d’analvser 
oes productions fort prolixes, pleines de deductions gdo- 
mdtriques, entrem61des de digressions thdologiques, etc.” 


1 Emil NaumftD, " Geilluatreerda ppsehiedema der muauek," houerkt door J C, 
Boars, T. T, t p, 543, 
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We shall in this paper consider only those parts of 
the above named books of Mersenne as have influenced 
the development of the theory of sound. The expression 
“productions fort prolixes” is very just; but still it is, 
I think, well worth our while carefully to study 
Mersenne’a works, though I cannot deny that it requires 
much patience to sift the physical parts from the mixture 
of theology, philosophy, alchemy and even astrology. 

Mersenne was more a learned man than an artist. So, 
for instance (T C., p. 107) he says that unisono music sounds 
better than many-voiced music, although it is difficult, he 
adds, to convince composers of this truth. He tries to 
prove the justice of this opinion by some very singular 
examples—I am sorry I cannot give them here, as they 
should require too much space. 

To make it more evident that Mersenne was more 
scientist than artist, I will give some of his opinions 
untranslated. If the two books I have used were not 
so difficult to get, I should only have referred to them, 
but being as it is, I thought it better to copy these 
passages 

(T. C , p. 88 ) “ Puis quo l’on connoist la proportion 

qui rend les sons agrtfables ou deplaisans, et qu’il y a de 
I’apparence que les autres sens requirent de semblables 
proportions dans leurs objects, les sons peuvent apporter 
plus de lumierc h la philosophic que nulle autre qualitd; 
e’est pourquoy la Science de la Musique ne doit pas etre 
negligee, quoy que les chants on les concerts fussent 
entierement abolis et defendus; car ils ne sont pas la 
principle fin de la Musique, come croyent les Praticiena, 
qul mesprisent, ou ignorent la raison. En eft'et, si la 
cOnoissance des sons et de leur proportions nous peut 
dnonner l’entree aux proportions des objets de l'beil, de 
l'odorat et du goust, il n'y a point d’honneste homme qui 
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ne prefere cette connoiaaance d tous les chants, et d 
tous les’ cdccrts qui peuvont etre faits smvitt les regies 
de l’art ” 

(H. U., p. 111.) “ II y a de l’apparence que ceux qui 
prennent plaisir d cslevcr leur esprit a Dieu, et qui 
desirent de luy olTrir autant de mouvemens de leur 
amour et d’actes d’adoration, comme les9 chordes deg 
instrumens qu'ils oyent, font de retours, ne diront pas que 
la cognoissance du nombro des battemcns d’air soit inutile, 
et que ceux qui aurint assez de lugement pour considercr 
que la Musique n’cst autre chose que le nombre de differ- 
ens kattemens de l’air, et que le son, a proprement parler, 
n’est ricn, si l’oreille ne luy donne la nature du son, et 
quil setoit plus vdntable de dire que nous sentons des 
mouvemens d’air, quo do dire que nous ovons des sons, 
aduouront francheinent qu’il n’est pas possible d’avoir 
uno parfaite cognoissance de la Musique, et inesme que 
l’on ne peut cognoistre ses pnncipes, si Ton ne scait ce 
que nous avons dit des relours & des battemens.” 

(T C.,p. 105.) “II s’ensuit semblablement qu’un Anth- 
m6ticien peut apprendere le Musique sans maistre, & qu’il 
n’y a nulle science si aisee, puis que ses meilleurs raisons 
consistent seulement a conter 1,2, 3, 4, 6 , 7 etc, & it 
comparenccs nombres le9 uns aux autre9. II faut nean- 
moins remnrquer que je parle ici de la vraie Theorie, & 
non de la Pratique, it la quelle il faut plus de temps, 
dautant que le corps est plus lourd que l’esprit & qu’il 
faut quasi prendre autant de peine a le rendre prompt, & 
habile a suivre les mouvemens de l’esprit, comine pour 
apprendre pour les oiseaux it parler, & les autres animaux 
ft imiter les actions de rhomme.” 

On p. 201 of the same book he says : “ si le plaisir de 
la Musique consiste it en comprcndre les accords, & les 
distinguer les uns des autres, & & considerer leur suite, il 
semble que les Duos doiuent estre plus agreables que les 
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Trios ” Just as one had rather see a picture that clearly 
shows (“ avec moms do confusion”) what it means to re¬ 
present. 

As we see, the man of intellect is speaking here, not 
the artist Many-voiced music seems to have been too 
difficult for Mersenne to enjoy 

In the Chapter on “TUnisson ” (T C, pp. fi-35), he 
sa} r s that the angels in heaien probably sing unisono, 
because that belongs more Lo the Trinity. 

Sometimes the homeliness or simplicity of Mersenne’s 
wiitings is very striking So, for instance, where he prints 
(H. U , p 90) several pieces of music, of which some signs 
or characters aie wanting, ns the printer did not havo the 
types. Mersenne added these wanting signs in his own 
copy by means of the pen, and says that he will lend that 
copy with much pleasure to the possessors of his book, so 
that they may inscribe the wanting characters It makes 
a singular impression to receive this kind invitation 300 
years afterwards 1 He adds the advice lo moisten the 
paper first with a solution of alum, us otherwise it should 
blot. 

As to the ideas of Mersenne about sound, it is evident 
that he was not quite convinced of the necessity of a 
motion, to produce sound, to be a vibrating one, or at least 
not to be of constant velocity and constant direction. So, 
for instance where he speaks of the motion of a bowed 
string (H. U , p 19G), he says there that it is not necessary 
fora string to vibrate in order to produce a sound ■ if some 
object is pressed or rubbed against a stone, a glass disc or 
a piece of wood, a sound often will appear that has much 
resemblance to that given by a violin 6tnng, and still no 
vibrations are observed (“ encore que Ton n’ appercoiue 
point de tremblemens ou de retours dans la friction dee 
dits corps ”). 
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In T. C., p. 57, a similar assumption is given. There 
he tells us that it should be possible to hear the growing 
of plants, if that did not happen so slowly. On p. 135 
of the same book he mentions which sound should be 
given by two falling stones, in the time during which they 
fall with velocities of the proportions of 10, 8, C, 4 (the 
time to be taken so short that the velocity may be consi¬ 
dered to be constant). lie supposes the sound to get 
sharper if the velocity is greater “ que less huillonB de 
l’air sont dautant plus ficqucns que les mobiles se 
meuuent plus vite.” 

We will now first consider what Meisenne says of the 
pitch of strings and of the intervals 

Already Plolomeus, he says (II U , p 14) tells us that 
a cord from which a weight is suspended, is not fit to give 
an accurate notion about the value of intervals, as it is 
impossible to have a cord the thickness of which is eveiy- 
whero the same, and also because its lengthening varies 
with the weight. Neither are flutes fit for this purpose, 
as the pitch of the tone they give vaiics with the force 
of blowing 

Specially fit for those researches is the Monochord, of 
which he gives a detailed desciiption and (H. U , p. 33) 
a drawing of one with three striugs. 

Influence of tue Length of a St hi kg 

Page IS, H. U., Mersenne tells us that, when a string 
is divided into two equal parts, each piece gives a tone an 
ootave higher than that of the whole string. If of two 
strings AD and CD, the length of AB is double that of CD, 
so that CD gives the higher octave, then CD makes twice 
as many vibrations in a given time as AD. He expresses 
this as follows- "la chordc AB no baltera qu’une fois 
l’air & ne fera qn'un tour, pendant que la chorde CD en 
fera deux." 
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That he knew thp,t CD gave the octave of AD is 
obvious, as his sense of hearing told him that. Dut how 
did he know that the number of vibrations of CD in a 
given time was twice that of AB ? 1 

We can show this easily by our registering apparatus, 
but those were unknown at that time. Mersenne has 
given an experimental proof of this law, as follows he 
stretched a stiing, such as is used for a spinet or a lute, of 
a length of 100 or 120 feet, and saw that it made one whole 
vibration per second. Then he shortened it to half of its 
former value and observed it to make two vibrations per 
second If shortened to ], it gave 4. As it was known 
to him that a stung shortened to | gave the upper octave, 
he concluded from this experiment that the string giving 
the higher octave made double the number of vibrations 

It is rather singular that Mersenne did not give the 
description of this proof of the law (that was given on p. 
16) before p 150 (HU) 

Orchestra Tone. 

P. 134, n U Mersenne mentions “ le ton de Chapelle,” 
what we call the Orchestra tone, and says it makes 60 
vibrations per second. This nearly corresponds with B, 
about three octaves lower than our oickcstra-a. IIow he did 
And this number of vibrations is not mentioned ; he uses 
it to determina the number of vibrations of a string that is 
so short that its tone cannot be heard. I suppose he found 
the number 60 by the aid of a stung of 120 feet, making 
one vibration per second, which could be verified by the eye 


1 Accoiding to Poftjfendnrff, Ir, p 208, it was known already tn Galilei that 
tlie period of vibration of a string nai propoi IiodaI to its length Poggcndroff anya 
of this 11 Dicata Ergebmaa verdient desawegen besom]ere Anorkeimung weil mit ilnn 
die phyBikBLiHb.be Erforarhnng dcr Tone anhebt 11 Ab lie tells na however, p SOI, 
that this law wna also known to Analotelea, it should bo said that 11 die phjeiknlich 
Erfotschang der Tone 11 began with Anetotelca, not with Galilei 
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just as told before, and that he found it necessary to shorten 
this string to ^ of its length to get the tone B. From 
this experiment lie might conclude that B belonged to GO 
vibrations per second 


Influence of Sthess 

As to the influence of stress, Mersenne mentions the 
following (H. U , p, 43). If two strings are taken of the 
same material and of the same diameter, and one is twice 
as long as the other, then the longer string requires a 
weight 4 times that wanted by tlie shorter to give the 
same pitch. With two strings of equal length and of the 
same material, one of winch has double the thickness of 
the other, the thicker one requires twice as much weight 
for giving the same pitch as the thinner one. 

This is an error of Mersenne the thicker string 
requires 4 times more weight than the thinner one 1 

That long and short strings get the same stress by the 
same weight is proved by Mersenne by the fact that they 
both require the same weight to get broken. 


Influence of the Material. 

Of the influence of the material, Mersenne rightly says 
(H. U.,pp. 1 «jI and 134) that strings of heavier metal give 
a lower tone. Those metal9 containing the greatest 
quantity of quicksilver, he says, are heavier , those con¬ 
taining the greatest quantity of sulphur are lighter. Then 
ho tries to prove that gold, u estant le plus parfait des 
lnetaux/’ contains more quicksilver than the other metals. 
An exception, he says, is slio wn by lead . this is the 
heaviest, and gives a Ion er tone than any other metal, 
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“encore qu’il soit plus iraparfaitqu’eux qunnt asa solidity 
mtftalliquo.” We will not follow farther this long exposi¬ 
tion ; Mer sen lie’s ideas on this subject were the same as 
those of the Arabian savant, Giafar or Geber (born 702, 
died 765) on the composition of metals. 1 

The speculations of Mersenne following on his ideas 
on the composition of metals, are so very curious that I 
cannot resist the temptation of quoting them in full : 
(II U , p. 156), “ Si les alchymistes nous pouvoient donner 
la cognoissance certaino du temperament de chaque corps 
par Jeur trois prmcipes ■ par example quel principe pre- 
domine en l’homme, qui n 4 degrez dc cholere, de ioye 
on de tristesse ; & supposd qu’un homme pose cent livres, 
combien ll a de livres de cheque espece de sel, combicn 
de souphre & do mercure tnnt en pouls qu’on grandeur , 
quel principe sc diminue, s’alt ere ou s'augmcntc en toutes 
sortes de maladies <& de passions de l’ainn , combien 
chaquc repas augmente les trois prmcipes, combien il 
s’endiss ipe tous les jours , on quel fouls & en quelle 
quantitu les trois principcs se doivent rencontreren celuy 
qui a les qualitez d’un musicien, & en quelle quantity & 
en quel poids ils sont en chaque metal, ils nous soula- 
geroient grndement, & nous obligeroient a suivre la 
maniere de raisonnor taut cn ce qui appartient aux sons, 
aux pesanteurs, qu’aux autres quilitez des corp, dont j’ai 
traicte desia dan le livre de la Theorie selon leur principes. 
Mi tis si l’on veut donner la raison de l.i diversity des sons 
sans sortir de la Philosophic, ou dc la Medecine ordinaire, 
il faut dire que le son le plus grave vient du metal, ou 
du corps le plus terrestre & le plus pesaut, et qui a plus 
d’eau mesl6e avec sa terre : car l’on experimente que plus 
vn homme a de bile de cholere, & plus il parle haut & 
oigu; ce que est represente par les chordes des instruments 


1 lVggemJuiff, 1 l , ji 6U. 
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qui sont les plus delices & les plus courtes, & par toutes 
sortes du mouuements qui sont brusques & legers ” 

Influence of Guavitt. 

(H. U., p 43 ) If a stretched string is placed in a 
horizontal position, it is bent by the law of gravity, just 
like a cable drawing a vessel. Mersenne concludes from 
this that stringed instruments should have “un autre effect” 
when placed horizontally than when placed vertically. 

Influence of Humidity. 

When a stretched string is moistened, it shrinks, the 
tension thereby getting larger and the pitch higher Mer¬ 
senne proposes to use this for the construction of a 
hygroscopc ; the moistness of the air to he measured by 
the chango of pitch, or by the variation in length of the 
string. 1 11 

He also mentions the well knou n application of this 
property of a string or a rope, made by Fontane for 
raising an obelisk before St Petei’s Church at Home. The 
rope was somewhat too short; by being moistened it 
shrank sufficiently for placing the obelisk in a vertical 
position - The explanation given by Mersenne of this 
shrinking is most singular. 

DUIUTION OF IMF. VIBnATION. 

(H. IT., p 45.) How long a plucked string will continue 
to vibrate is very difficult to say. A string or cord, sus¬ 
pended at one end and provided uith a weight at the other 


1 Snub A liygroBCopfl baa been described already by Leonardo da Vinci 
(1402 1510) (Libn, Histone dra Sciences Mathematiquea on Italin, Halle a Saale, 

11 W Bohmidt, 1865, p 53 

1 1 remember, pome 50 jenrp ago, the transmission of lathes, driven by the foot, 
wap often made by a rope instead of a leather belt If tbe rope got too Black, it wap 
shortened by moisture 
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cud, will awing during half an hour. The vibration of a 
striug, fastened at both ends, soon gets too small to be 
visible. Strings of 3 or t feet vibiate, visibly to the eye, 
about 10 times per second (10 beats of “ un poux bien 
regie ”) This vibration is visible because the middle of 
the vibrating string seems to be thicker than the ends 
Mersenne supposes a string 3 or 1 feet to vibrate during 
20 seconds; if it makes 100 vibrations per second, it 
makes 2,000 before stopping, lie supposes a long and a 
short string both to make the same number of vibrations 
before stopping. 

In this unfertile reasoning Mersenne forgets that the 
largeness of the first elongation has a great influence on 
the duration of the motion 


Minimal Velocity ok Motion 

(H U , p 140.) Mersenne has also determined with 
what velocity a string ought to move in order to make a 
perceptible sound. He supposes a plucked string to begin 
with an elongation of } of a line, and that the ratio of 
two following elongations is as 12 11. He has calculated 

the elongation of the 132nd vibration to be i„ ,jVr« 7 r °f the 
first, and as a plucked string can be heard over a period of 
2 or 3 seconds, he concludes that the velocity of the 
string is then less than one “ poulcc ” per second, or less 
than 5 feet per minute. He adds that this velocity suffices 
to take a walk of 60 paces, if one walks slowly, and th.it it 
corresponds with the velocity with which a tortoise moves. 

The exactness of these numbers—the north of which, 
even when they were exacts should be of little consequence 
—is very dubious. The period of vibration is not given . 
it might be determined perhaps from the fact that the 
132nd vibration takes place after 2 or 3 seconds ; at least 
that is what I suppose Mersenne to mean. 
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Loweil Limit or Peiiceptimlitv. 

(H. U., p 138.) Mersenne gives some very queer 
remarks on tlie lowest number of vibrations it is possible 
to hear as a continuous sound. 

“Firstly he describes the case of a string plucked 30 
times per second As a string, making 30 vibrations per 
second, gives a continuous sound, lie concludes that a 
string, plucked 30 times per second, will also produce a 
continuous sound so that a tone of 30 vibrations will be 
heard and nut the separate shocks The same happens, he 
says, when a string is bowed 30 times a second If the 
bow itself also produces a tone (by the vibrations com¬ 
municated to it by the surrounding air) then this tone 
will have the same pitch as that of the string. But it 
would be much feebler than that of the string, because 
the bow “toucherait, moins d'air ” If the string is drawn 
(plucked) from its position of rest 10 times per second, 
then we have to do with another case. One then hears 
only the separate shocks, instead of a continuous sound. 
Only when the shocks are all of the satne intensity, so 
that every shock produces the same sound, he says, one 
will hear, even with this small number of shocks, a 
continuous sound. If the elongation diminishes, the ear 
will perceive the shocks separately (“comme si ils 
fuisoient des sons differents ”). But the ear, he adds, is 
probably not sufficiently sensitive to perceive such small 
differences 

These pages (138 and 139) are far from clear , obviously 
the subject was not clear to Mersenne himself. ’With 
" des sons differents ” he probably means tones of differ¬ 
ent pitch. 

Of the pitch of the strings with which he experiment¬ 
ed, nothing is said. Perhaps they were tuned respectively 
to 30 and 10 vibrations per second. 
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As is well known, a sound produced by 10 Bhocks a 
second is not continuous ; whether the shocks are all of 
the same strength or not is indifferent, as can be proved 
by Savart’s toothed wheel. 

Number of Tones given by a String. 

(H. U , p. 42.) In order to learn bow many different 
tones a string can give, Mersenne determines the weight 
necessary to break it, in other words, he determines the 
stress it is able to bear. 

Ratio of Damping. 

(H U., p. 13.) According to Mersenne, the ratio of 
the elongation of the n — 1 th vibration to that of the h" 1 is 
constant, the diminution being according to a geometrical 
series. We have already seen the (application of this rule, 
where he treated on the minimal velocity He gives a 
list of the amplitudes of a plucked string , for the damp¬ 
ing he gives jj, as before. If the first elongation or 
amplitude is 10 80 , then the ir)84"‘ is = l, as he has calcu¬ 
lated. This 10“ is given in full • 1 with 60 zeroes behind 
it, the other numbers are printed in the same wise. He 
gives those values for 35 different elongations. 

With all respect for the knowledge and the working 
power of Mersenne, we can only wonder at his having 
spent so much time at this useless Avork. 1 

Consonants 

(T. C., p. 88.) Although wc do not know, he says, why 
consonants are agreeable to our hearing, we know the 
proportion that must exist between two tones to form a 


1 Such kind of flork id called in Dutch 11 monmkenwerk " (monks’ work) One 
gets the tame impression from what Mersenne says of tho total number of vibrations, 
given by 44 Instruments, during the time that they played 22 measures of sn ario- 
of Bttesset. (H. U, p, 140). 
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consonant. We learn therefrom that we know more of 
sound than of colours and of taste. “ Car on no connoist 
nullement combien une couleur doit avoir do degrez de 
lumiere, ny combien une odeur doit avoir de degrez de 
chaleur pour agreer , & l’on n’est pas eneore demeur6 
d’accord de la couleur, de la saveur, ou de l’odeur le plus 
agreable,” while everybody will find the octave and the 
fifth agreeable to the ear : “ ce qui monstre que les sons 
aprochent plus pri>s de l’eapnt & de l’intellectuel que 
l’objet des autres sens ” 

Motion of a Bowed String. 

(H. U., p 145.) Mcrsenno lias given much thought to 
the motion of a bowed string. lie says tho following 
about this if it were possible to pluck a string, tuned to 
61 vibrations, fit times per second, or to put it into motion 
by fit strokes of the bow in that time, it should be im¬ 
possible to count the motion of the finger, the bow and the 
string, as one cannot follow by eyesight more than 10 
vibrations per second. But it is difficult to understand 
how such a string can give a tone if the bow makes 61 
strokes per second, for if the number of vibrations is not 
larger than that of the strokes, it seems to follow from 
this that, “le mouuement de l’archet soit une mesme 
chose avec les dits tremblemens ■ en suite de quoy il faut 
dire que la chorde aurait le mesme son, quoy qu* elle ne 
treroblast point, d’nutant que celuy qui la touche, supplce 
le tremblement que vient de la tension, de la chorde, 
puisqu’il luy fait faire 6 i tours & autant de retours dans 
l’espace d'une mesure ; mais je traiteray de cette difficult^ 
dans le discours de la Lyre.” 

I may add to this that I did not find anything about 
the motion of strings in that part of the work that 
treats on the “ Lyre.” 
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H. U, p 196, Mersenne returns to this subject: If 
two strings give the same tone, they undoubtedly make 
the same number of vibrations in a given time, as the 
string necessarily makes the same number of vibrations, 
whether plucked or bowed. But he was not quite sure of 
this. As the bow, he says, pushes (or draws) the string 
in the same direction during one stroke, it will seem to 
be that the string cannot move against the motion of the 
bow, as it is kept fast by the bow. (“ ll semble qu’elle ne 
peut reuenir a contresens *fc au contraire de l’arohet, qui 
la tient en mcsme estat, & qui la conserve dans la situation 
qu’il luy a donnee, losqu’il l’a poussee iusques ou elle a peu 
aller.” 

As the reader will perceive, just that what Mersenne 
considered to be impossible really happens, as Helmholtz, 
showed 250 years later by his vibration-microscope. But, 
he continues, it is not necessary for a string to vibrate 
in order to produce a tone, he then again describes the 
experiments with rubbed stones, etc , as told before. 

Still it is not to be supposed, he continues, that the 
string under the bow makes as many vibrations as under 
the finger (“ dessouz le doigt”), by which he probably 
m^ans, when it is plucked. The string should produce 
no sound at all, or also quite another sound, if the bow 
pushed the string from right to left (or the reverse) in 
such a manner that it could not vibrate freely. (“ auoir 
leurs retours libres”), unless the object that pushes the 
string (the bow) makes itself as many vibrations as the 
string ought to make, just as happens when the wind 
blows against a rock or a tree. 

As the sound of a plucked siring is somewhat different 
from that of a bowed one, although the pitch is the same, 
Mersenne concludes that the bow * y ccntribiie quelque 
chose, cc quil fait en fioissant la chorde & en renfer- 
mant de rail' entre elle et luy,” which air is then forced 
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to make as many vibrations as the string further lie says 
that the how hinders the string’s vibrations which is the 
cause of their being not so large as is the case with a 
plucked string He evidently means that the motion of 
the string is stopped every moment by the bow and tries to 
explain this by the example of a flute a hole of which is 
stopped in rapid succession In that case the character 
of the sound is altered, but the pitch remains the same, 
just as in the vibrating tones often heard fiom a siDger 
And as the hairs of the bow do not form a continuous 
body, the air, put into motion by the strings, will easily 
enter the spaoe between the hairs, the motion and the 
pressure of which may alter the sound When one keeps 
in mind that the vibrations of the atoms of the air or of 
the string mix with the vibrations of the how’s hairs, one 
cannot wonder that the sound, produced by those two 
motions, is different from that given by the siting alone 

That the number of vibrations of a string in a given 
time is the same, whether bowed or plucked, has been 
proved by Mersenne with a cold of 100 feet, in both 
cases it made one vibration per second. 

That the bowed string really vibrates, he continues, 
oan be felt by touching it with a finger. That the pitch 
remains the same, whether the motion of the bow is slow 
or fast, proves that the sound is produced by the string 
and not by the bow 

I have treated (his chapter on the motion of the 
bowed string so elaborately, as it seemed to me to be of 
much interest. As the reader will have perceived, 
Mersenne has sought to understand it by several ways , 
that he did not succeed however to solve this difficult 
problem, we cannot wonder at, as the necessary instruments 
of research did not exist at that time, and especially as 
the great influence of the form of vibration was not 
then known. 

13 
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Tone Conoun 

We will now consider what Mersenne tells about the 
difference of sounds of the 9ame pitch, what we call tone 
colour or timbre 

The difference of timbre of a bowed and a plucked 
stiing has been treated in the foregoing section, as also the 
explanation Mersenne tried to give of that phenomenon 

The question which instrument gives the most agree¬ 
able sound cannot be answered (H U , p 10) The violinist 
will find his instrument the best, the hornblouer will 
speak for his horn, the soldier prefeis the trumpet, the 
hunter his huglehorn, etc 'I he sound given hy a beaten 
string (“ une chorde frappde ”) is dn ided hy Mersenne 
into two parts (1) that which arises at the moment of 
striking, (2) that caused by the vibration after this 
moment The fiist named sound has some resemblance to 
that of an organ pipe with vibrating tongue, it is sharp and 
somewhat rough 1 The second sound is much mellower 
and resembles that of a flute (“Flute d’ Allcmaml”) , it is 
called by Mersenne “le second son ” or “ le son de 
resonnance ” 

The duration of the first sound is very short; that of 
the second is larger, but this sound is steadily getting 
feebler, till it is no more perceived An instrument able 
to give a “ son de resonance, et qui participait en quel- 
que sorte de la percussion ” should be perfect Some 
notion of this sound is given by the lute when the wind 
causes the strings to vibrate (^Eolu9’ harp) 

When a violin is played skilfully, the first sound 
(“ le son de percussion”) is mellower than that of a beaten 
string, and the duration of the first as well as that of the 


1 Pub should keep in mind that tho strings of tlio spinet (the foicrunner 
of our pianoforte) were beaten by steel pens or by goose quills, and not, as now is the 
e, by hammers covered with felt 
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second sound has the same value an the duration of the 
how’s stroke So that we have two sounds at the same 
tunc, one gay or cheerful and agreeable, the other mellow 
and “ harmonique ” Mersenne concludes from this that 
the violin comes nearest to a perfect instiument But, 
he continues, the first sound of the violin always is some¬ 
what crude, so that it is better to hear a violin from some 
distance The most beautiful sound one can conceive 
would he that of a lute, when the fust sound could he 
eliminated that should equal that of a violin able to 
sound without the use of the bow (resonante sans 
archet ”) That kind of music should be perfect, “ maiselle 
est reservdepour les bicn-heureux an Ciel ou elle sera 
deuestue de toute Timperfcction qui s’y letiouuo main- 
tenant ” 

Although rather quaintly expressed, them is some 
truth in this reasoning about the sound of the violin 
The string is, at every moment, carried away by the how, 
and there is some resemblance between this motion and 
that of a stung being beaten 

The mellowness of sound, Mersenne says, depends 
upon the choice of the siring, and also upon the manner 
in which it is put into vibration Strings of gut give 
a mellower sound than those of metal .From two strings 
of the same material and unequal length, tuned to 
the same pitch, the longer will give “nil son plus doux ” 
and the shorter “ 1111 son plus plem et plus massif ” The 
manner in which a string is plucked by the finger has 
also great influence on the tone colour The sound is 
mellower when the string is plucked by the finger than 
when plucked by a metallic pen or an ivory plite. That 
ia the reason for the sound of the harp and the lute being 
mellower than that of the spinet 1 


1 Cf llio foot notoj p 90 
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The sound of the violin alters with the spot where 
the string is bowed or plucked. If this is far from the 
bridge, the sound is mellow , if near to it, it is sharper. 
Mersenne of course was not able to explain this, as he did 
not know anything about the leaving out of overtones 
(harmonics), and the influence on timbre caused by it 
As the reader will have perceived, Merscnne’s observa¬ 
tions were quite correct however 

The Violin 

We have already mentioned Mersenne’s ideas about 
the sound of the violin. Of the significance of the differ¬ 
ent parts of the violin he does not say anything , he only 
mentions (H. U , p 193) that he will afterwards explain 
why the soundpost should be placed under the right foot 
of the biidge, and also why the sound of the violin is not 
good, when the soundpost is not placed on the right spot, 
or when it is removed altogether. I have not been able 
to find those two explanations in the two books I have 
used, however. 

Of all instruments, he says, the violin is the most fit 
to imitate the human voice, « <°., the human song. 1 One 
stroke of the bow takp.s about as much time as the period 
of one respiration. The violin is also ‘‘ le plus propre de 
tous pour faire danser ” (IT. U., p. 177.) 

Pp. 181 and 182, HU., have been devoted to teaching 
one to play the violin . “ Expli quer la mani&re de louer 
du violon & de mettre chaque doigt sur les endroits de la 
touche pour iouer toutes sortes de pieces de Musique." 8 


1 One of my friends pi a} ed the violin , a boy of some 3 years old heard it Qnd 
when the piece was finished, he said " Please, Sir, do sing something more," 

1 One would be apt to think from this that one can play the violin, if only the 
fingers wore pat on the right spot of the string It reminds me of the prudent 
answer, given by a Scotsman, when asked whether he could play the violin <( He 
did not know for sure, he had nerer tried it," 
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Overtones (Harmonics) 

H. U , p 5. r > The strings of the lute give also other 
tones than those generally heard (t.e., other than the 
fundamental notes) ; these are called “naturals.” If for 
instance a string of 1 feet length is plucked in a spot one 
foot from the end, one hears a “faux son,” belonging to 
a length of string from the finger to the nearer end of the 
string, and one hears alse a tone belonging to a string of 
3 feet. The first tono is called by Mersenne “ le Quin- 
tiesme ” (we should call it the double octave), the other 
the fifth of the fundamental. The finger m this case 
replaces the bridge, he adds. 

This is not exact A string, plucked at| of its length, 
does not give even overtones, as it gets a ventral spot 
just there where even overtones should require a node 
Evidently it is impossible that tho double octave should 
appear in this experiment ; no more can the fifth be 
expected, as this never is an overtone of strings. 
Obviously Mersenne has confounded this experiment with 
that of a sonometer string having a bridge at | of its 
length, in which case the pieces of string ichether 


It should be Lousideied howe\oi that nt tho time of Meraonne violin playing wm 
much easier than it now 1 * Harmonics ncro not played and it was very seldom that 
higher positions were used, as tho violin moaLly *uh used for accompanying the 
soprano voice and thus went no higher 

Stoevmg, treating- on hm mnniLR, says of Domenico Ferrari (died 1760) “To him 
is ascribed, if not the invention, at loust the first mine extensive use of harmonics 
on the violin " (Paul Slooving, The Story ui the Violin, tho Walter Scott Pub Co , 
London, 1001, p 183 ) Pitying harmonics carne to its own and perhaps more than 
that) by Paganini According to T L Soliubei b (" die Violiuo," 4th Ed , 1892, p ID) 
the second position was not need before 1000 Stoevmg however says that m a 
“Capnocio Stravagante " of Carlo Farina, about 1126, the sooond position wan twice 
used, This was then considered to be so very difficult that the composer was obliged 
carefully to instruct the player how to make those notes If o'" was played on the 
violoncello, connoisseurs among the public often made their neighbours attentive on 
this hacardoas enterprise (Heron Allen, " Violin-making as It was and is," Ward, 
Look A Go , Ltd , London, p 56 ) Mersenne mentions the possibility of playing d' w on 
tho e-stnng of the violin 
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plucked or bowed, show the double octave and the fifth. 
That he confounded those two experiments is also made 
evident by his saying that the finger (in the first named 
experiment) replaces the bridge. 

Generally one does not hear those overtones, Mersenne 
says, as the fundamental covers and extinguishes them 
But if the vibrating string is touched liy the nail of a 
finger, they are more easily heard ; the tone belonging to 
the longer end of the string is always heard best Which 
overtones are heard in this way is not said, nor whete the 
string is to be touched. 

The overtones are not caused (H. U , p 195) by the 
number of guts (“ lc nombre des intestins ”) of which 
the string is composed, as metal strings show the same 
overtones The lower strings of the lute and the violin are 
the best for experimenting on overtones, they give the 
octave, the major third of the octave (“ lc Dixiesme 
maieure ” ) and the fifth of the octave (“ le Douziesme du 
premier son ”) This is rather inaccurate . the major third 
named here, is taxed an octave too low, it is the major 
thiid of the second octave (the fourth overtone, e' when 
C is the fundamental). 

According to Mersenne, Anstotele9 was already 
acquainted with the existence of overtones, but lie did not 
know that a plucked or a bowed string was able to give at 
least 5 different tones. 1 Mersenne speaks only of the 
tones of the free strings (“ chorde touclice a vuide ”) , it 
seems he has never made these experiments with stopped 
(shortened) strings. 

As to the number of vibrations, he justly observes 
that they are always in the proportion 1, 2, 3, 4, 0.... 

Of the overtones of organ pipes he has observed only 
the 12 th tone, i.e,, the second overtone. He very justly 


1 Helmholtz observed 10 overtone! when experimenting with thin itnngi 
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gives the reason why the 12th and the 17th (the second 
atad fourth overtones) are more easily heard than the first 
and the third 

It is unexplicable, he says (IT IJ , p 155) how a string 
can beat the air (“ battre 1’air) 5, I, 3, 2, times in the same 
time in which it only does once, unless one supposes 
that the half of the string makes two vibrations in the same 
time the whole string makes one, and that also the 3"', 4 th 
and 5 lh part make 3, 4, 5, times more vibrations in a given 
time then the whole string does 

As the reader will perceive, Morsenne in this paragraph 
very ne irly gives the true explanation, but yet rejected 
it the experiment, he says, shows clearly that all parts of 
the string have the same velocity (read —have the same 
period), for the string has hut one motion, although the 
parts nearest to the bridge and the saddle move more 
slowly than the middle part of the string. 

The lowest tone (the fundamental) is not given by the 
ends of the string, as they move more slowly than the 
middle. The lowest tone is the strongest of all six, it follows 
therefore that it is caused by the middle of the string, as 
that makes far greater elongations than the ends do. 

Mersenne tries to explain the existence of overtones 
(H U , p. 210) by reflection of the air against the string 
and by a splitting of the air particles “ l’on peut dire que 
les differentes parties de la chorde qui frappent l’air 
ditferemment, diusent & rompent la sphere de l’air en 
2, 3, 4, 5 parties, ou que la mesme pnrtie de la chorde le 
rompt dilferemment selon les dilTerentes dispositions , dc 
sorte que l’une des parties de l’air se rompt en deux, 
l’autre en trois, quatre ou cinque parties, etc.” 

I will not say more of this singular speculation, as it 
is very difficult to render and too long wholly to quote 
it. As to the assumption of some scientists that a string 
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is to be considered as a set of coaxial cylinders (“comme 
les peaux d’oignon se couvient les lines les autres”) and 
that the inner cylinders produce another tone than the 
outer ones, Mersenne does not believe that. 

P. 395, II. U , he again speaks of the overtones of 
stopped pipes. He has observed them to give the fifth of 
the octave (the second overtone). Not all pipes do that, 
he sayB, even lrhen they aie exactly of the same dimensions. 
Whether they that do give this tone are better or worse 
than those that do not, he does not know The lower tone 
(the fundamental) is always the stronger of the two 

But it is difficult, he says, to understand how it is 
possible for the air to mnke one and three vibrations at 
the same time It is possible thut the three vibrations do 
not take place at the same time witli the one vibration, but 
so soon afterwards that the ear does not observe the inter¬ 
val of time But this explanation does not satisfy him 
either, for why should the air prefer to make three vibra¬ 
tions instead of four or another number ? He supposes the 
octave is also produced, because 11 trois suit plus naturelle- 
ment & plus immediateinent deux, qu’un ” Bnt he thinks 
it is not heard so easily, because of its groat resemblance 
with the fundamental 

According to some, he says, the fifth of the octave is 
sometimes heard also out of the singing in the church, 
he has never heard it himself however. Whether this 
happens by a kind of echo, or whether “ l’artere vocale ” 
acts as an organ pipe he does not know. 

'* Or, cette experience estant supposle, le dis qu’il se 
fait de petits retours d’air dans chaque grand retour du 
mesme air, auec lequel ils ont meame raison que les deux 
sons de la Douziesme ou de la Quinte, & par consequent 
que chaque partie d’air, dont le inouvement dure un 
moment en faisant le son grave, endure encore en soy 
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quelque sort de tremblement ou de fremissement semblable 
a celuy des cloches tremhlantes, ou de l’eau qui fremist 
rflans une verre, lors qu’on le fait sonner en passant le 
doigt sur son bord, & quo l’air est trois fois agit6 parces 
petiles sccoussrs, tandis qu’il fait chacun de ses plus 
grands retours/ 5 

The same can be said, be continues, of the tones of 
a string, for each small vibration can be divided into 
smaller ones If the hand is moved to and fio, and if 
it makes at the same time also smaller motions, one gets 
a motion of the vibration of the air in an organ pipe 

As the reader will have perceived, Merscnue actually 
speaks here of the form of a motion 

It would be possible, he says, to speak with more know¬ 
ledge on this subject, if we were able to see and count 
the vibrations of the octave and the duodecimo, just as 
we can do that for the fundamental He does not think 
this to be impossible, as small vibrations can be seen by 
a “ lunette convexo-concave ” 

As we see, JVfersenne has tried to explain the existence 
of overtones in all possible ways, just as he did for the 
motion of bowed strings. In both cases hoivever in vain, 
though he lias been very near to the solution of the 
mysteiy. He ends his study on overtones with so very 
curious a speculation, that I will quote it in full (II. U , 
p. 211) c< Si le son de cliaque chortle ist d’autant plus 
harmonieux & agreable, quVllc fait entendre un plus 
grand nombre de sons differens en mesmc temps, & 
qu’il soit permis de comparer les actions morales mix 
naturelles, <fc de transporter la Physique aux actions 
humames, Ton peut dire que cheque action est de plus 
harmonieuse & agre.iblc a Pieu, qu’elle est accompagndo 
d’vn plus grand nombie do motifs, pourueu qu’ils seroient 
tons bona ; par excmple lovsque Ton jeusne pour macerer 

13 
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le corps, & poun le rendre plus obeyssant it 1’esprit ; & 
puis pour satisfaire au comm and ement de l’Eglise ; en 
troisiesme lieu pour reservcr quelque chose pour les 
pauures, & finalemcnt pour imiter les jeusnes de nostre 
sauueur, & pour pratiquer-Vamour que nous luy portons. 
Car l’on peut comparer tous ces motifs & tous les sons qui 
accompagnent le mouuement de la chorde, & dire quant 
& quant que l’intention qui est la plus forte, & qui 
a la fin la principale & la plus exccllente, est Bemblahle 
au son dominant & naturel de la chorde, puis qu’il est 
le plus sensible, & la cause de tous les nutres sons qui 
se font par des mouuemens odus precipitez, ou par des 
retours plus frequens.” 


Harmonics 

(H U., p 220.) In Mersenne's works very little is said 
about harmonics. He gives a description of the “ trom- 
pette marine,” a very long bowed instrument with only one 
string 1 When played on, the string is lightly touched 
with the finger (not stopped), at £ of its length, 
so that only harmonics will appear. If the string is 
touched at a spot not located exactly at J of its length, 
one gets sounds of which Merscnne says “on ne peut 
quasi juger do leur ton Quoy qu’il en soit ” he 
continues, “ il tremble si mal k ces points que leurs sons 
ne valent rien & qu’ils sont fort desagrables . & il suffii 
que j’ai expliqu6 les veritables Phenomenes de cet 
instrument pour donner occasion aux bons esprits d’en 
rechercher les vrayes raisons.” 

As the reader peroeives, Mersenne does not understand 
why the trompette marine only gives harmonics and 

1 This ib no trumpet and has nothing to do with the navy It ii called bo because 
its aound h&i much reaemblance with that of a trumpet, a "marine," because it was 
1 u Ten ted by Bf anno or MarJgm (Poggeudorff, 1 o,p fill) Tho Dutch name ii 
" linen,” the German " Tru mac heft ” 
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leaves it to others to find the explanation. As the string 
of this instrument is only lightly touched, not stopped, 
it is evident to us that it is only able to give harmonics 
As Boon as the string is stopped, it is ot‘ course possible 
to produce other tones, as Mersenne himself remarks 
It is rather strange that he has never tried this with 
other bowed instruments, in which case he should have 
found exactly the same phenomenon. 


Beats. 

(EL U , p. 362 ) If two organ pipes, differing somewhat 
in pitch, are blown at the same time, they “so font 
trembler’’, this does not happen when they are tuned 
exactly to the same pitch. This can be felt by touching 
the pipes by the hand 

This is what we call bents. Mersenne ascribes the 
phenomenon to resonance, one pipe foicing the other 
to co-vibrate, and wonders that a string can be brought 
to co-vibrute more easily by another when they are exactly 
at the same pitch, while the pipes, in order to produce 
those “ tremblemens,” may not be tuned exactly unisono 
He has tried in vain to get beats from strings. 1 

It is remarkable that Mersenne has been verj near 
to having found the cause of those beats, as the following 
shall show If two tones are produced at the same time, 
the ratio of whose numbers of vibrations is 16 . 15 or 
25 . 24 or 88 : 80, each pair gives the same number of 
beats per second “Puisque ces mouuemcns ne convicn- 
nent & ne s’unissent point ensemble qu’au 15, 24 ou 
SO coup, il semble qu’on deurait remarquer qumze ou 
vingtquatre battemens.” 


1 This ii rather lingular If the c and the g etiing of a viola are not tuned oinctly 
to fifths, they give very perceptible beats together, when bowed at the same time. 
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While at first he sought the origin of heats m reson¬ 
ance, here, as seen by the expression “ s’unissent,” he; 
really gives the true explanation Obviously he did not 
think of the peiiodieal changes of intensity, caused by 
“ s’unissent ” 

He also mentions that an organ pipe can give beats 
with a string, and the probability oE being able to tune 
the pipe to accord with the string One can also, he says, 
tune the organ solely by the aid of beats 1 

Rksonance. 

(n U., p 130) The most beautiful sound (“ une 
liarmome rauissante ”) is given by a siring when tuned to 
the pitch of the belly of the instrument The enclosed 
volume of air also influences the sound 

The sonnd of the string (p 115) is very difficult to 
hear when the air, put into vibration, is not shut up and 
when the motion of the air (the sound wave) is not reflect¬ 
ed, as happens by means of the belly and the soundbox 
of the musical instruments 

Mersenne seems to consider resonance to be caused 
by reflexion only Perhaps lie thought oT the echo, 
when treating this The explanation given by some 
scientists that a string can only cause another to co-vibrate 
when they aie unisono because of sympathy or antipathy 
(T C , p. 26) he rejects. As he truly says, the introduc¬ 
tion of such words serves only “ pour confeser mgenue- 
ment qu’ils n’en scavent rien ” The same could be said, 
he continues, of the sympathy between magnet and iron, 


1 As ib well known, this moth oil is followed foi making accurate tuning forks 
Asa curiosity, I in ft} mention hero that Merscnno givon several rules and a table 
for enabling tho deaf to tune bowed and plucked instruments 

(H U , p 123 ) It reminds me of Laputa, whore the blind were used to mix 
colours for tho painters 
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amber and straw, etc As soon ns the causes of these 
actions shall he understood, “ le sympatliie s’ev.inouit 
civec Pignorance ” 

Mersenne allows, by means of a draw ing, how of two 
strings of the same pitch one puts the other into co-vihra- 
tion hy means of the surrounding an The difference 
of phase can he seen in the figure 

P 52 (T C ) He tries to explain how a vibrating string 
can cause another to co-vilirate when the difference of 
pitch is an octave He refers to his explanation of the 
resonance of two unisono strings, and says that the only 
difference between the two cases is “ que celles qut sont 
a l’octave ne se font pas trembler si fort ii raison qu’elles 
ne se rencontrent qu a chaque deuxiesme coup ” 

This might be true if the inducing string did give only 
shocks, just as in the case of a churchbell being rung, 
when the cord is drawn only once for two whole swings 
of the bell That Mersenne really considered the vibra¬ 
tion oT strings as being made up of shocks, follows from 
what he says of a string making (50 vibrations per second. 
“ elle hat Pair (50 fois par scconde minute ” He some¬ 
times compares the time taken by a string to make 
one vibration (un tour et retour) with the motion of 
the human pulse, which he takes to he (50 heats per 
minute 1 

Kvidently he dul not at all think of the form of the 
vibration, although he has been very near to have a true 
notion about it. It is singular that Mersenne did not find 
that the resonance of sturigs with a difference of an 
octave was caused by the first overtone, the existence of 
which was known to him If a string 1, tuned to a" is 


1 It will seem from this that men were more calm at that timo than they aio now 
Cardano (1501-1570) UBod the number of beats of the pulae for mooaunng the 
velocity of the wind (Poggcndorff, 1 o , p 123) 
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vibrating, a string 2, tuned to a", will co-vibrate by the 
first overtone, a", of string 1 If 2 is bowed, it will cause 
1 to divide itself into tvro halves, each of them giving a" 
That the resonance of strings with a difference of an 
octave is not so great as that of unisono strings is evident, 
as the overtones of strings are always weaker than the 
fundamentals Mersenne evidently was not sufficiently 
impressed of the significance of overtones, although he 
knew them to have a physical existence. 

P 67, T. C He tells us that a bowed or a plucked 
string can also force another, tuned to a fifth higher, to 
co-vibrate The resonance however is more marked with 
a string tuned to the “ Douziesme.” The first is not 
true the duodecimo co-vibrates, but the fifth does not 
Mersenne has committed the mistake to take the fifth of 
the octave for the fifth of the fundamental. 

now TO INDIC4TE KEY NOTE AND TEMPO 

(H. U , p. 148.) To cause a piece of music to be played 
in the required key, Mersenne pioposes to write beside 
the first note the number of vibrations per second it is 
intended to make Tuning-pipes and tuning-forks did 
not exist at that time ; instead of them strings were used 
whose number of vibrations was known 

By following this rule, he says, it is possible to play 
a piece of music exactly in the same key in Paris and 
in Peking 

Por indicating the tempo, the use of a pendulum is 
advised, the time of one swing corresponding to the period 
of one measure. It may also be done, he says, as follows 
if the first note of the piece has for instance 60 vibrations 
per second, and one measure is to last 2 seconds, this can 
be indicated by writing the number 100 beside the first 
note. 
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Why he does not indicate the duration of the measure 
in seconds is not easy to understand 

A pendulum is much cheaper, he adds, than a clock , 
for measuring the number of beats of the pulse and for 
astronomical observations it should also be used 1 

The Pendulum 

Mersennc has also written about the motion of the 
pendulum Although this strictly does not belong to our 
subject, I shall mention something of it 

He has been the first who tried to determine the lepgth 
of a pendulum giving seconds , his results however were 
not very accurate 2 It was known to him that two pen¬ 
dulums of equal length do swing synchronously only then 
when their elongations have the same value, or when they 
are very small. He took two pendulums of equal length, 
the first made elongations of 2 feet, the other of 1 inch, 
and observed that the first made 30 or 40 swings in the 
time that the second made 31 or 41 1 

The weight of the bob has no influence on the time 
of swing, as light and heavy objects fall with the same 
velocity. This cannot be explained, he says, by supposing 
heavy bodies to excite more resistance from tbe air, as an 
iron and a wooden ball of the same size fall with the same 
velocity. What should happen in an empty space, we 
do not know “ parcc qu’on nc scait pas si le vuide est 

1 Pendulum clocks did not then exist, they mere indented in 1650 by Christman 
Huijgena Before Lhat time clockwork with a horizontal balance was used (Pog 
gendorff, 1 o,p flOO, Fig 30) oi bllIi with a wind tano GhIIiIli intended to 
connect the pendulum with a set of toothed wheels, for simplifying the counting of 
the number of swings Ah he had already lost his eyesight then, lna aon at his request 
made inch an apparatus, that nas described in 1640 But aa these clocks were not 
provided with a driving weight, of course they soon came to a standstill They 
were moreover unfit for measuring the timo, aa the elongations gradually gob smaller, 
aa also did the time between two following awing* 

1 Poggendorff, 1 o,p 925 

B This had been observed already in 1563 by Qalltlei (Poggendorff, 1 o , p 2B9 ) 
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possible, ny s’il est quelque chose de rfcel ” Therefore 
we do not know whether a pendulum, to which an elonga¬ 
tion is given in an empty .space, should fall back to its 
vertical position or not, and if it did, with what velocity 
that should happen 

This notion of Mersenne is in accordance with the 
ideas of Anstoteles about the fall, who thought that the 
acceleration was caused by the air following the falling 
object and continually giving it a new impulse 1 

It is evident that Mersenne, who ascribed this singular 
effect of falling objects to the air, did not dare to foretell 
how a pendulum should behave in vacuum, as aftei all 
the pendulum is driven by the same force that causes a 
body to fall 

Automatical Musical Instiiumhits 

It is very remarkable that in Mersenne’s works some 
instruments already are described that are the forerunners 
of our pianolas and our automatic violins. P ]Of), H. U., 
he describes a clavecymbal, invented by a German, that 
is able to make a sound like that of the violin. The 
strings are put into vibration by rotating cylinders, the 
surface of which is covered with leather, the cylinders 
being rotated by toothed wheels and springs This is 
obviously the forerunner of the automatic violin, invented 
in America, some years ago 2 It is a pity that Mersenne 
does not give a drawing of this instiument, the more so 
as he himself says “cequiest mal ayse a comprendre 
sans en voir la figure, dont je parleray apr£s " ’ 


1 PoggondorfT, 1 c , p 220 

a Eloctncal Woild (Now York), Vol fij, p 7b»i 

■ It mnkea an agreeable imprcBtmm in thin period of into national hnlied Lu lioar 
the Following opinion of a Frenchman " loa Allomnns soul pour I’oidiDairo plu* 
mtienfcife et ingonirax dan* las Mochaniquoa quo leu antreii Nations, it pnrticnliere- 
ment lie reUiiigient niieux a l’invonuen dea Instruments do Muaique " 
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The idea of causing a string to vibrate by rollers had 
already been applied in Mersenne’s time to a kind of 
lyre. 1 

P 21-1', II U., Mersennc says that it is not possible 
to get the same effect with these rollers that one can get 
by the use of the bow “Ton na pu suppleer les moulie- 
mens de la scavantc main de ceux qui charment les 
oreilles par les instrumens h manches touclicz & non 
touchez ” He obviously had more musical taste than 
the American who 300 years Afterwards invented the 
automatic violin. 

P. 1(50, H. U , he tells of an instrument that might 
already be called a pianola (mechanical piano). It is 
moved by springs ‘ Kb jo ne doute pas que l’on ne 
puisse remplir une ville tout entiere de musiquo, de sorte 
qu’il n’y aura nulle maison qui n’ait son harmonic, lors 
qu’on lachera quilque ressort.” 4 

P 372, H U , he tells us of an instrument that 
represents at the same time an organ and a piano, as it is 
provided with strings as well as with pipes If this mstiu- 
ment is altered in such a manner, he adds, that it is also 
able to give the sound of the violin, “ il scmblc qu’il n’y 
aura plus rien a desirer dans l’Orgue, si ce n’est que ses 
tuyaux facent entendre les voyelles et les syllabes, ce qu’il 
ne faut pas esperer pour la grande difficulty qui s’y 
rencontre.” 

Mankind has had to wait about 3 centuries for this 
desideratum, when first Faber’s speaking machine nnd 
later Edison’s phonograph was invented. 


* The Dutch name ih “ cli mtiliei " oi “ roltneel, a violin (" ledel," in old Dutch) 
being put into motion by n wheel 1 riul, 11 " rotte," fiom “rola " The word Jtotte 
vael still exists as a family name in our country 

1 Similar inatrnmonU woro nlsu in ride in Hnllanil at that timn Peter Pnmpin, 
instiuinent maker in Amsterdam, trade an aulomntia pin no (“ olnvocimbel ") that 
was tried by two organists in 102H, (“ Oud Holland,” p 72 ) 

14 
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We have already aeen several examples of the sudden 
leaps made by Mersenne from physical scienoe to philo¬ 
sophy or theology. 1 I will end by quoting one of the 
most remarkable digressions 1 found in Mersenne’s books . 
(H. U-, p. 146): “ mais a fin que Ton ne quitte pas ce 
discours sans en retirer quelque profit, il me semble que 
les musiciens doiuent considerer que puis que les chordes 
qu’ils touohent, ne leur refusent iamnis leur mouue- 
mens, & qu’elles obeyssent tr^s-promptement 5, leur 
volonte tusques k so rompre, quand il leur plaist, qu'ils 
doivent imiter cette obeyssance si ponctuelle en suiuant la 
volontd de Dieu, & les bons mouuemens qu’il leur donne 
pour faire le bien & pour euiter le mal car puis qu’il 
n’y a nul mouuement qui ne conduise au prmier moteur, 
il est tres-raisonnable que les mouumens, dont on recoit 
de si grands contentemens, & d’ou on tire une si grande 
harmonic, nous menent a celuy, dont la Prouidcncc bat 
incessament la mesure de l’harmonie de l’Univers, & 
gouuerne le grand concert do tout le monde, de peur qu’il 
soft dit dans d’Etcrnit£ que les musiciens onl est<5 plus 
stupides & plus irraisonables que les creatures inanime£s, 
& qu’ils soient si malheureux que les chordes, dont ils 
ont tir4 tant d’ harmonie, seruent au grand iour du luge- 
ment pour les her & les affiiger, s’ ils ont si peu d’esprit 
and de iugement qu’ils ne rapportent pas l'harmonfe de 
leurs chords, & de leurs voix k la gloire de celuy qui seul 
merite les louanges de toutes les Creatures, que le Prophet 
Royal exhorte k leur deuoir par ses demises paroles, 
“omnis spiritus laudet Dominum.” 

1 Some of them reminded me of Silas Wegg'fi 11 falling into poetry 11 when reading 
the Roman History in J)inkens’ 11 Our Matas] Friend ” 
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1. Introduction. 

In a paper published in the Proceedings of the Indian 
Association for the Cultivation of Science, Vol. VII, parts 
I and IT, Mr Panchanan Das has given an equation for the 
pressure exerted by the pianoforte hammer for the case when 
the hammer is rigid He obtained the solution by the func- 
tional method of Kaufmann 1 considering the discontinuous 
changes in the pressure of the hammer due to the successive 
reflections of the nnpulse from the ends of the string. Prof. 
C. V. Raman and B. Banerji 2 obtained the solution of the 
same problem in a different manner by regarding the motion 
during impact as that of a loaded string. Mr. Das proceeded 
on a line similar to that given by Prof. Love 3 for the longi¬ 
tudinal vibrations of a rod struck at the end. 

The equation obtained by Mr. Das for the pressure 
exerted by the hammei is 

F=2pi (1 ^ r ~ kct + <■ -*(<*-*■) | 

+ <■ | 1—2K(cf—4»1+ A-j (r/—io)*| J . (1) 


1 Ann. der Phy«ik, Vol r A (1895) 

1 True Eny Boo A , Vol 97 (1920) 

■ LfOve’i “Theory of Elubioifcy," p 411, Art 281 (2nd Edn ) 

I 
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where 

p = tlm lnu'ui iIphmU nt tliokinnn 
?/i — !li(* in.tKs n| Hie lininuiti 

r=:\elnnty nf piitpH^ulion of ti .minwmso \wl\c; oti the stiin^ 
i’ M —flu* initial ^il(int) thr liiumnn 
ir=Hir distfinro of 11 10 ^hikimf pfiini fmm tlio neiucr ovul 
f — v fti in Me him 4 

lie considered the tolal duration of contact of the hammer 
as divided lip into a senes of epochs determined hy 0<rt<2, r, 
2n<r/<4n, k<fr<0fi and so on, so that each of these epochs 
corresponds to the lime taken by a pulse starting from the 
striking point m returning to the striking point after reflec¬ 
tion from the nearer end 1 Thus the pressures in the succes¬ 
sive epochs are — 


i i =-e i, » r ^ '* +* | l— h(ii—2u) j- 


i.i i) r fit f , — /11 1 — ttn ) c ~ . i 

= 1 — — 2n) j 


! U) 


+ ' 4,,) j 1-2/,(,/-!„) + JJ (,/-lrr) J } J 


It u ill thus bo seon, that at I lie end of eveiy epoch, the 
pressure increases by a sudden jump of magnitude ~P v a' 
Nonv we can determine the amplitudes of the difTeient 
harmonics if we knou the nature of the force acting on the 
string For if F be the force acting on the string at a point 
distant a from one end, then using the notation adopted in 
Art. 180 of Lord Rayleigh’s ‘Thpory of Sound,’ Vol 1, we find 


1 In his wmk Mr Dfuj considered reflection finm the nenroi end onljt, ns the hammor 
leftveB the wtrinff hoforn the reflected pulse from the [Hither cm) iemheH it—« mipposjlimi 
which is lAlid only for striking points near the ends 



ACOUSTICS OF Til K PIANOFORTE 


109 


that the amplitudes of the dillerent harmonics are £iven hy 

t 

= --- Sin s7ra I F Sin n‘ t — t 1 )tif' 

* JTf fl £ I 

0 

where the integration is to he made ovei the whole duration 
of contnct Thus we can proceed to calculate the amplitudes 
ot the diflerent harmonics by substituting for L* 1 the value 
given by the equation [n the present paper it mil he shown 
that the amplitudes oL the different harmonies as caleulated 
trom the equation agree with those found experimentally. 


Hi The calculation of the amplitudes of the different 

harmonics. 

hi order to calculate the amplitudes ol! the different 
haimonies w r e have to integrate the pressure equation over 
the whole of the duration of contact of the hammer with 
the string. But as the actual integration of the equation 
involves considerable mathematical labour, a mechanical 
and graphical method was employed in tho integration of 
equation (3) given above, which considerably simplified the 
calculation. The method followed is that gi\en below. 

The pressures at successive epochs given by equation (2) 
are plotted against tune, thus giving the variation of pressure 
of the hammer with time throughout (he .whole of the duration 
of contact of the hammer—(the point where the cun e cuts 
the axis of time gives the duration of contact) Now since 
the magnitude of the discontinuous change in the pressure 
exerted hy the hammer is the same at the end of each epoch, 
the plotting of tlie pressure-time curve is much simplified hy 
calculating the initial discontinuity and the pressures at the 
end of every epoch at which the pressure suffers a sudden 
discontinuous change, and joining the intermediate portions 
for which the pressure decreases continuously by a continuous 
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straight line. The error committed in this way is very small 
as the actual curve differs very little from a straight line. 
ThuB, at the time ;=o, the pressure suddenly increases to 
2 pv Q e, and then continuously decreases until the reflected 
pulse from the end arrives at the hammer which takes place 
at the time c /=2a, when the pressure again inei eases suddenly 
by the same amount, viz., a P v u c Just at the end of the 
first epoch, ie. f at the time <y=2<t, the pressure is F 1 =2pu 0 < t -*" 
and then suddenly increases by an amount equal to 2pu„r, and 
again falls off continuously until the second reflected pulse 
reaches it, which takes place at the end of the tunc <'=*«, 
when it again increases discontinuously by the same amount, 
and again falls off continuously until the third reflected 
pulse reaches it, and so on, till the impact ceases Having 
obtained the pressure time curve between the time r=o to 
the time when the curve cuts the axis of time, we proceed to 
calculate the value of the expression 

t 

sill I F SMI H[f — 
sircp 1 J 

0 


Now the expression inside the integral sign can be broken up 
into two expressions 


J 


F sin n (J— t')(U' =1 F sin ut cos nt* dt 


* 




cos nt Hill nt f dt 1 


and taking sin nt and cob nt outside the integral sign, the 
expression for becomes 


t 


1 


*.= 


2 

srrp 


sin 


sira 

1 



F cob nt cos nt 


jV BUI nt' dt' J 


0 


0 


. <4) 
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Thus to calculate the values of 4>. we multiply each ordinate 
of tile pressure-time graph by cos w' and Hum/' respectively 
and obtain two new curves with these values as ordinates. 
The areas of these curves between the origin and the point 
where they cut the axis of time give the values of the two 
integrals in equation (4). The areas of these curves were 
measured by means of a plammeter and the amplitudes of 
the different harmonics were obtained by putting j»*= 1,2,3, 
etc, respectively In the numerical computation, those 
values of p,r 0 ,r and a were used which were afterwards 
employed in the experimental determination described below 
The calculated values of the amplitudes up to the tenth 
harmonic are given in Tables 1 and II for two different strik¬ 
ing points, ns , 1 /10 and 1/0 

3. Experimental determination of the amplitude* of the 
different harmonics 

An experimental verification of the above results was 
attempted in the following way. A steel wire 150 cm. long 
was stretched over the bridges fixed on the table The linear 
density of the wire was '081 grm per centimetre. A mecha¬ 
nical hammering arrangement was made by mounting a small 
solid brass cylinder at the end of a light pivoted shaft, which 
could be caused to impinge transversely on the wire The 
effective mass of the hammer used was 20 5 grammes. The 
amplitudes of the different harmonics were measured by 
means of an observing microscope. For measuring the ampli¬ 
tude of the fundamental, the microscope was focussed on the 
middle of the string and the hammer was caused to strike 
at the points for which the calculations were made, ms , Ij 10 
and 1/9 respectively To measure the amplitude of the octave, 
the microscope was focussed at Z/4, and the string was damped 
at the middle immediately after the impact so as to stop the 
fundamental. Similarly, for other harmonics the string was 
damped at the corresponding node immediately after impact, 
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find observed at an antinode. The different amplitudes as 
measured by the microscope were then corrected for the 
amplitudes of other harmonics for which the point of 
observation is also an antinode Thus from the measured 
amplitude of the fundamental were subtracted those of the 
3rd, oth and so on , similarly for others In tho following 
tables are given the observed values of the amplitudes of 
the different harmonics along with those calculated from 
the equation for two different striking points, vis , l/LO and 
1/9. The measurements were made up to the tenth harmonic 
for both tho sinking points 


Table I. 

Striking point at 1/10 


llnrmonii n 


iiin|ilitu<lea 

Calculated 
amplitude b 

Fundamental 


.1700 tin 

3075 nu 

Ot t.iu* 


0!jH8 , 

05(1) „ 

Thud 


Odd.] „ 

Odd ] „ 

Fourth 


0110 „ 

0131 „ 

Fitth 


0078 „ 

0079 „ 

Sixth 


0100 „ 

0117 „ 

Seventh 

■■ 

0020 „ 

0022 „ 

Eighth 


0157 „ 

0173 „ 

Ninth 


00112 „ 

00128 „ 

Tenth 

, 

o 

■o 
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Table II. 


Striking point 1/9. 


i 

ObHorvi d 

r Jt uiiiii d 

Harmonic n j 

runplitmlnn 

amplitude r 

1 

Fundamental ^ 


4 122 t m 

Octaw 1 1 

ou r , „ 

0105 , 

Tliml 

0107 „ 

0171 „ 

Ft mi 111 1 

OJ17 , 

0240 „ 

Fill h 

00 U) , 

00 H 

Si\lli 

1 

0024 , 

0027 , 

1 

SoxrnHi 

i 

0071 , 1 

OOhS , 

Ki^lith j 

OU2U ,, 

002 1 , 

'X in Hi 

l 

0 

0 

Ten tli , 

0022 , 

(H)2 r » „ 

__ 




I Variation of the amplitudes oj the different harmonics 
with the utrikmg jioinf 

In order to test the equation more fully, the amplitudes 
of the fundamental were determined for diffeient striking 
points along the string both fr <m the equation as well as 
experimentally Theoretical calculations were made /or seven 
different striking points along the string, vis , 1/ 15, 7/10, Iff), 
//8, 7/7, 7/6 and //.5. Beyond the point 1/5 the equation does 
not hold good, as the reflected pulses from the other end 
arrive at the hammer before it leaves the string, of which 
no account is takpn in Mr Das's equation. Experimental 
determination was made up to the point 1/5 of the string at an 
interval of 1 cm. The result is shown graphically in Eig I. 
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The clotted curve gives tho theoretical results whilst the 
continuous curve represents the experimental values. In 
Figs. TI and III arc given the curves showing the amplitudes 
of the octave and the third harmonic for different striking 
points along the string up to the middle point obtained 
experimentally The ordinates are the amplitudes, and the 
abcissvc are the distances of the striking point from the end. 
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■1 Conclusion 

The very close agreement between the observed and the 
calculated values as seen fiom tlie above tables is a very 
good confirmation of the equation It is also seen from the 
above tables that the observed amplitudes are always less 
than the calculated ones, a fact winch follows from theoretical 
considerations. For, some amount of dissipation of energy 
takes place in the system of which no account is taken in 
Mr Das’s theory. Moreover some allowance must be made 
for the fact that a certain time elapses, however small that 
may be, between the strikiug of the hammer and the measure¬ 
ment by the microscope, the effect of which is to lower the 
observed values 

It is 6een from the curve showing the variation of 
amplitudes of the fundamental with striking point, that near 
about the point 1/1 the amplitude of the fundamental is a 
maximum. Now in an actual pianoforte the choice of strik¬ 
ing point is generally made at about the same point, viz. l/l. 
This may bo due to the fact that the amplitude is a maxi¬ 
mum at this point. The reason for this fact is that beyond 
this point the sin nt' and oos nt' terms in the integrals 

2 
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change sign and so a part of the curve comes on tho negative 
side of the time axis. At this point the value ot the duration 
of contact becomes nearly _Jth of the period of the string. 
The position ot the sti iking point for which the amplitude 
of the fundamental is a maximum also depends on the mass 
of the hammer As the weight of the hammer increases 
the point of maximum is shifted towards the end 

The rapid recovery of the amplitude of a harmonic as the 
striking point is moved away from one ol its nodes is markedly 
shown in the results of the investigation 

The calculations have been made up to the point lj 5, for 
beyond this wc have to take into account the reflections from 
both ends which I hope to do in a later paper 

Further investigations as to the duration of contact and 
the effect of elasticity of the hammer are now in progress 
and will ho given m a later paper 

The investigation here described was carried out in the 
Palit Laboiatory at the University College of Science at the 
suggestion of Prof C V llaman, Palit Professor of Physics, 
and the author is indebted to him for the unfailing interest 
he has taken during the progress of the w r ork 

University College or Science, 

Department of Physics, 

92, Upper Circular Bond, Calcutta 

1st May, 1923 



VIII. On the Temperature Variation of the 
Electrical Conductivity of Copper and 
Iron fused with Mica. 

By 

K. R Ramanathan, M.A., 

Assistant Lecturer in Physics , University College , Rangoon 

Three years ago, there was published in the Philosophical 
Magazine 1 a paper by A L Williams and Miss Mackey 
containing the results of some experiments on the electrical 
conductivity of mixtures of copper and iron with mica The 
most remarkable feature about them was the \ t*rv large 
variation of conductivity with temperature. 

In Part B of the above paper are given the resistances 
of two samples each of copper-mica and iron-mica mixtures 
as measured by Miss Mackey. In all these, I find that the 
variation of resistance with temperature is expressed over the 
whole range of the experiment with a fair degree of accuracy 
by means of either of tho formula' 



1I = PT -, ^ T 

(1) 

01 

U = |» I T~ 1 ' 2 

(■ij 


where R=resistance of the sample 

T=temperaturo measured on the absolute centigrade 
scale and P, Q, P„ Q„ are constants 


1 Phil Mug, Vol XL, 1920, p 281, 



118 


K 11 RAMAN ATHAN 


Taking logarithms, 


and 


liHJ 


n K + hi'i, „ T — /<«/,„ I* + ( 


■)0:iT 


T - P, +^j iT 

The quantities R + /«/ T and H + ! W in T are 
plotted against T -1 m gmplis 3 to 0, and the graphs are straight 
lines, 
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(The graphs have been given the same numbers as in 
Miss Mackey’s paper) 

Since the samples used were irregular, their specific 
resistances could not be determined and there is no significance 
in calculating the values of PandP,, In the following table 
are given the values of Q and Q, for the different specimens 


Speunn»np 

> K' 1 


Qi 

Cu mica I 

3 I 

I 27 k IfT 

1 13 * 10* 

Ca nnes, If 

1 4 A 

2 G3 * 10’ 

2 90 x 10" 

Fe-micn I 

3 7 

1 50 x 10 1 

l 30x10* 

Fe-micft 11 

4 0 

4 01 * 10 1 

i 

3 78x lO" 




120 


K R. RAMANATHAN 


It will be noted that Q and Q> show a decrease with 
increasing metal content in Cu-mica and nn increase with 
increasing metal content in Fe-mica. 

Theoretical. 

— 1 0 /T 

The expression R = PT r* can be put into the form 

o-=P Tc ^ where <t is the conductivity of the sample 
This is of the same form as the expression for the variation of 
the number of thermions in equilibrium with a metal in a 
vacuous enclosure 


where x is a constant which may be given any value between 

0 and without appreciable difference (O W Richardson 

Emission of Electricity from Hot Bodies, Chap III). Assum¬ 
ing the concentration of free electrons in the mixture to vary 
in a similar manner with temperature, u e can calculate the 
variation of conductivity with temperature. On the electron 
theory of metallic conduction, 


U 

(T OO 


T 


here 

it = number of fiee electI'ons pei unit volume 
? — t oot mean square of the velocity ot electrons 
/ = mean free path of the election 

and 

p =elech , onic charge 
Since 

V oc T 1/2 


IT « n e 1 l/T^ 
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If we assume that l is independent of tomperatiue, and n 
vanes with temperature according to equation (3) 


rp A “ 

rr oc l 


- b> T 


If A= \2 


.rotT, 


-fc/i 


and if 


A = l 


Since writing the above note, there has appeared in the 
Journal of the Franklin Institute a paper on the "Resistivity 
of vitreous materials ” by L. L. Ilolladay where the author 
has put forward the same type of formula to explain the 
variation of the resistivity of a number of specimens of glass 
with temperature It is of interest to compare the values of 
Q for the glasses and the metal-mica mixtures. The values 
calculated by Holladay for the glasses range for diilerent 
specimens from 9 37X10 1 to 130xl0‘ and are thus ol (he 
same order of quantities us those calculated for the metal-mica 
mixtures. 







Flaik ]\ 


Fisr I 



Fis. U 






IX. Effect of Barriers on Ripple-Mark 

By 

S K Bankrji, D.Sc., 

Director , lUmtunj and Alibag Observatories 

[Plates 1II and IV ] 

I had on many previous occasions examined theoretically 
the effect of various types of barriers on a set of plane waves. 
But little did I expect then to see the effects of barriers on 
wave motion manifested on such a magnificent scale as I 
have recently done during my stay at Alibag. The sea beach 
in front of the magnetic observatory at Alibag has a very 
little slopo hardly more than 7°. The sand is of such a fine 
quality that it easily catches impressions of waves. The 
impressions are in the forms of ridges and hollows all regu¬ 
larly arranged parallel to the wave-fronts. They are formed 
during high tides and are left behind when the sea retires. 

In front of the beach at Alibag there is an old fort which 
acts as a barrier to the advancing sea-ivaves during high 
tides. The effective length of the fort acting as a barrier is 
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nearly 300 yards and during high tide an equivalent length 
behind the fort is covered with water, this length of course 
varying according to the day oE the lunar month and the 
order of the tide. Hut when the sea retires, nothing but a set 
of impressions of the waves is left behind the fort on the fine 
sand with perhaps a small quantity of water here and there 
clogged in the hollows between the ridges. 

A certain minimum head of water appears to be necessary 
in order that the sand may catch impressions of waves As a 
consequence of this a certain portion of the beach measured 
from the highest point wetted by the water remains almost a 
plane without any impression llut beyond this the whole 
of the bench exposed during ebb-tide (and it is quite possible 
that a portion of the beach still beneath water) is marked 
by a conspicuous set of ridges and hollows. In the open 
beach these arrange themselves parallel to the wave front in 
a perfectly regular manner A photograph of the impres¬ 
sions on the open beach is given in Fig I, PI III. 

The efEect of the barrier on the waves is however the 
most interesting, The sets of parallel ridges on the open 
beach curve round as we come behind the barrier, and as we 
approach it they become deformed and curly m appearance 
and meet the edge of the barrier inclined at definite angles 
to it. This edge-effect is shown in Fig II, PI. III. In the 
central region just behind the barrier, the ridges again arrange 
themselves m a regular manner parallel to the barrier. The 
wave systems in this region approach the barrier almost 
normally to it and are reflected as such. This is clearly 
shown in Fig. I, PI. IV. As we move from the barrier 
towards the shore, the ridges gradually lose their regularity 
and a well-defined region of very complex impressions is 
easily recognised. These complex impressions appear to be 
produced by the meeting of the succession of waves coming 
from either side. A sample of the complex impressions is 
shown in Fig. II, FI. IV. 
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It should be remembered that a set of tidal waves ap¬ 
proaching a sloping beach usually breaks and moves forward as 
a ‘ rolling 1 wave If we conceive of a set of waves approaching 
a sloping beach m succession, then we can easily picture 
to ourselves that by the time the second wave arrives, the 
first will have gone up the beach to the maximum extent 
and begun to retrace its steps and met the second half-way, 
giving a backward push to the lower portion of this w r avc, 
while the ciest will still maintain its forward velocity In 
consequence, it will break and appear to move as a rolling 
wave It is not usually the second wave that breaks, but 
breaking may take place at a much earlier stage on account 
of the continuous doivnward flow of water during the return 
journey maintained by the succession of advancing waves. 
Owing to this complexity no mathematical form can be 
assumed for these waves. But if the slope of the beach is 
neglected and the advancing waves be assumed to have their 
elevation varying as simple harmonic function of the time 
the general features of the sand impressions formed behind 
the barrier at Allbag are easily explained from theoretical 
considerations. 

A rough drawing of the impressions formed on the sand 
has been made after a careful examination of them as they 
were actually found This is reproduced above in the text. 




X. The Diffraction of X-rays in Liquids, Liquid 
Mixtures, Solutions, Fluid Crystals 
and Amorphous Solids. 


By 

C V. Raman, M A., D Sc (IIon ), 

Paid Professor of Physics, University of Calcutta , 

AND 

K. It Ramanathan, M A , 

Assistant Lecturer in Physics, University College , Rangoon' 

Contents 

1 Introduction 

2 Comparison with the optical seatfccnng pioblem 

1 X-iay scattering at very small angles with the primary heam 
4 Explanation of the X-iay diffraction-halo of liquids. 
r i Analysis of moleculai positions in a liquid and in mixtnics and 
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C Calculation of the intensity of X-ray sea'taring. 

7 Comparison with obeei valions 
8. Liquid crystals 
9 Amorphous solids 
10. Summary and conclusion 

L Introduction . 

When a narrow pencil of homogeneous X-iays passes 
through a thin layer of liquid and is received on a photographic 
plate, it is found that with a sufficient exposure, besides 
the central spot given by the underinted pencil, there appears 
on the plate also a circular diffraction halo surrounding the 

1 A preliminary note in which the theory developed in thia paper was indicated 
appeared in lt Nntu-o/ 1 Feb 10, I9J13, p 1ST» 

l 
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centre and separated from it by a relatively clear space. This 
somewhat surprising observation was made by Debye and 
Sclierrer 1 in the course of their work on X-ray diffraction. 
The same result has also been obtained in some recent X-ray 
studies hy Hewlett 4 in which the ionization method was 
employed. Keesom and Smedt' have also studied the pheno¬ 
menon in the case of several liquids by the photographic 
method and find that in some cases there is a weak second 
halo outside the first and even the suspicion of a third. 

The behaviour in this respect of the special class of 
substances known as liquid crystals and studied by Lehmann 
and others is obviously of much interest At the suggestion 
of Prof Debye, observations were made by Huckel 1 with 
several of these substances, particularly with p-azoxyanisol 
and cholesteryl-propionate which were studied in (1) the 
solid crystalline, (2) the liquid crystalline, and (3) the liquid 
isotropic conditions In the solid crystalline state, several 
sharp rings similar to those of other crystal powders were 
obtained, but remarkably enough, there was no notable 
difference shown by the photographs obtained with the isotropic 
and crystalline liquid states. In both cases a single diffraction 
halo appeared as in the case of ordinary liquids ]t may also 
he mentioned that observations hy Preidrich ’ on the scattering 
of X-rays hy wax and other amorphous solids and by Jauncey " 
on the scattering hy glass similarly show a maximum at a 
considerable angular distance from the undoviated pencil. It 
thus appeals that in the three cases of an isotropic liquid, of a 
liquid crystal, and of an amorphous solid, we have essentially 
similar phenomena exhibited 


1 Nn.cli rich ten 1910 

1 C W Hewlett Physical Roview, XX, 1922, p GHR 

1 Kpchoiii and Smedt Proo Hoy Sue Amsterdam, XXV, 1022, p 118, and XXVI, 
1923, p 112 

‘ HUckel, Phy> Zeit, 1021, p 001 
B Freidnch Pli) ■ Zeit, 14, 1013, p 317 
0 Jauncey Fhye. Review, XX, 1922, p 406, 
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From the survey of the literature, it would appear that 
no satisfactory explanation of the appearance of the diffraction 
halo m these cases has so fai been put forward One view 
that has been suggested 1 2 is that the halo might be a diffrac- 
tion-cftect arising from the finite si/e of the molecule or the 
co-operation of the different atoms in it This suggestion 
however must bo negatived in view of Keesom and Smedt’s 
observation that a liquid like argon which presumably has 
monatomic molecules shows the phenomenon in much the 
same degree a9 substances with more complex molecules 
Another view that has been put forward by Hewlett “ is that 
ordinary liquids possess something resembling crystal structure. 
The idea that tu a liquid there are large groups of regularly 
arranged atoms is also put forward by A II Compton 1 m his 
recent report on X-ray scattering, when referring to observa¬ 
tions by Hewlett and Duane These hypotheses by Hewlett 
and Compton appear to us to be somewhat artificial; they 
have obviously been introduced in order to explain tlie observed 
effects, but lack independent justification. Keesom and Smedt 
have attempted to interpret their results as due to the inter¬ 
ference of the ellects of two neighbouring molecules, using 
for this purpose a formula proposed by Elirenfest Their 
theory, however, appears to us inadequate The essential 
features of the phenomenon are the region of the relatively 
very small intensity of scattering surrounding the central spot, 
and beyond this a moderately sharp diffraction-halo, having 
a much greater intensity than the scattering at large angles 
Neither of these features is indicated by Ehrcnfest's formula. 
To make the point clear we give below in Fig. 1C the curve 
of intensity for benzene feproduced from Hewlett’s paper, 
and in Fig. 1A for comparison with it a graph of the intensity 
calculated from Ehrcnfest’s formula. It will be seen that 

1 Debye rcTcrrou to by UUuki 1 ! 

J Loc cif 

2 Bulletin, National lloueaich Council, U S. A , No 20, p It, 
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there is little in common lietween them. Finally we should 
mention an attempt which has been made by L. Brillouin 1 to 
explain the phenomena of X-ray diffraction in liquids and 
amorphous solids on the basis of the quantum theory of 
specific heats. We give in Fig IB a graph of the intensity 
in different directions drawn from his final formula. It will 
be seen that it bears no resemblance whatever to the obseived 
result given in Fig. 1C. 

We propose in this paper to approach the problem from an 
entirely different standpoint In a series of publications 1 that 
have appeared in the course of the last two years, the authors 
and their co-workers have discussed the optical problem of the 
scattering of light in liquids under various conditions and 
shown that the experimental evidence amply confirms the 


1 Annalug de Physique, Jan-Feb 1922, pp HH 122 

1 I Notes by C Y Raman hi Nalaro, November 10, 1921, and Horural subsequent 
issues 

2 ,r Molecular Diffraction of Liffhb ,J by C V Unman, Calcuttu University Pjobh, 
February, 1922 

3, “ Tho Molecular Scattering of Light in Wator and the Colour of Lbo Sen" by 

C V Raman, Proc Roy 8or , April 1922, pp 04 HO 

4 "Tho Molecular Scattering or Light in Vaponia and in Liquids and its Relation 
to tlio Opalflsccnco observed in the Critical State " by K U 11 mu ana than, Proc Roy 9oc , 
Yol 102, 1922, pp 161 1GI 

G 11 Tho Molecular Scattering of Light in N pentane” by R VcnlcntuBu nran, Trans 
Chom Hoc., Vo] 121, 1922, p 2655 

6 "The Molecular Scattering oT Light in Liquid Mixtuics ” by C V Hainan and 
K R Raman a than, Phil Mag, Jan 1923, pp 213-221 

7 11 The Molecular Scattering and Extinction of Light in Liqnuls and the 
Determination oF the Avogadro Constant " by C V Raman and K 8 Rau, Phd Mag, 
March 1022 pp 636 640 

N " Electromagnetic Thoory of Rrallcring of Light in Fluids” by K 11 Hamu- 
riathan, Proo Ind Assn for the Cultivation or Suenco, Vol VIlJ, Part X, pp 1 22 

0, "The Visual and Photographic Albedo of t]ia Eaath,” by K R Rnmunathau, 
Astrophysical Journal, April, 1023, 

10 "The Mol ocular fleatteung of Light in Benzene Liquid and Vapour” by K H. 
Ram an a. than, appearing in the Physical Review, 1923 

11 "The Molooular Scattering of Light in Liqmd Mixtures" by J 0 Kamcswar 
Bar, appearing in the Physical Review, 1023 

And other forthcoming papers 
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statistical-thermodynamical theory of light-scattering developed 
by Smoluchowski and Einstein. The essential idea of the 
Einstein-Smoliichowski method is to treat a fluid as a 
continuous substance subject to local changes of density 
determined by thermodynamical considerations. Leaving out 
of account the effects due to the anisotropy of the molecules, 
(he theory leads in the optical case to precisely the same results 
as those given by a more explicitly molecular treatment 
This is due to the circumstance that the length of light waves 
is vastly greater than the scale of molecular dimensions, and 
hence the assumption involved in treating the substance as a 
structureless continuum docs not lead to any appreciable error. 
The case is different however when we deal with the problem 
of diffraction of X-rays The wave-length here is less than 
the average distc nee apart of the molecules, and in applying 
the statistical-thermodynamical considerations developed by 
Smoluchowski and Einstein, we have explicitly to take into 
account the fact that the medium is not continuous, but 
consists of a finite number of discrete particles When this 
is done, the experimental results are explained quantitatively 
in a satisfactory manner Fig. 11) gives the graph of intensity 
calculated from the formula we have developed in this paper 
When account is taken of the imperfect homogeneity of the 
X-rays used by Hewlett, it will he seen that his experimental 
curve reproduces with remarkable fidelity the indications of 
theory. 
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2. Comparison with the optical scattering problem. 

In order more clearly to appreciate the relations between 
the optical and X-ray problems, it is desirable here to give a 
brief outline of the theory of the former case. In Fig 2, 
let ABODE represent a unit volume of fluid (supposed of 
refractive index only slightly differing from unity) oil 
which a parallel pencil of light is incident. Let n be the 
total number of molecules in it and let PPPP represent 
the in-falling rays and QQQQ the scattered rays in the 
particular direction under consideration. The volume ABODE 
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may be divided into a very large number of slices by 
a series of equidistant planes perpendicular to the plane 
of the paper and equally inclined to the incident and 
scattered rays It is assumed that each slice is thick 
enough to be several molecules deep and yet very thin 
compared with the wave length of the incident light. It is 
obvious that with these assumptions the scattered waves 
arising from the molecules in each slice may be taken to lie 
all in identical phases Let, A, 11, C, D, etc lie successive 



planes which are situated at such intervals that the path 
differences of the scattered rays arising from layers adjacent 
to them differ by one wave-length. Each of the slabs AB, 
BC, etc., thus contains a considerable number, say?’ of the thin 
slices into which the medium was supposed to be divided. 
Then AB=BC = CD=DE —V 3 Hin where 0 is the angle of 
scattering and \ is the wave-length of the incident radiation. 
Since the effeots of all the molecules in a given slice, say the 
pth, of any one slab are taken to be in the same phase, they 
also agree in phase with those from the pth slice of every 
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other slab The amplitudes of the scattered waves arising 
from all the molecules lying in the ptu slices of all the slabs 
may then be added up, and their resultant amplitude is 
proportional to the total number of molecules contained in 
the slices thus added together, denote this by Tho whole 
scattciing may then be found by summing up the effects 
proportional to »«• ■"* of the successive slices, due regard 
being had to their respective phases, which are distributed 
at regular intervals from 0 to 2*. If «,=»,= .»,=: the 

effects of the different slices would completely extinguish 
each other by interference. This corresponds to the case of a 
completely homogeneous medium, that is, a crystal at tho 
absolute zero of temperature for waves of length great 
compared with its grating constant. In every other case, 
etc would show fluctuations in value, and part of the incident 
energy would appear as scattered or internally reflected 
radiation. We know that «,+»,+ «,*«,=« and hence, 
denoting «,-«/< =a?i, «,-n/r=An, so on, the resulting effect 
would simply arise from the quantities A«,, An, etc. which 
represent the fluctuations from the mean density, the part due 
to the mean density itself disappearing by interference 

We can now consider the magnitude of the fluctuations 
A»,, A»,, etc. in different eases Wo take first the case of an 
ideal gas which has been discussed by H. A. Lorentz. 1 Here 
the distribution of the molecules i9 a purely random one, and 
the average expectation of magnitude of the fluctuations 
A*,, An, etc can be very simply shewn from probability 
considerations to be v/,7/7 If further, we make the assumption 
which is ft priori justifiable in the case of an ideal gas—that 
the quantities A» |T An, etc. are as often positive as negative 
and vary quite independently of each other, then to find their 
aggregate effect, we add up not their amplitudes in their 
respective phases, but their intensities without regard to phase. 


1 Proc Hoy, Soc, Amsterdam, Vol, 13, 1010, p 02 
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The total .scattering will thus be proportional to rfy/n/r). or 
simply n, that is, to the total number of molecules in the fluid 
per unit of volume. This is the well-known llayleigh law of 
scattering. 

We next consider the case of a gas not obeying Boyle’s 
law in which the distribution of molecules is no longer a 
random one Here, applying Bolt/.mann’s principle of 
entropy-probability, we find the mean value of A», to 1)6, 
n v/r^t/N, where R and N are respectively the gas constant 
and Avogadro constant for a gram-molecule, T is the absolute 
temperature and p is the isothermal compressibility of the 
fluid. Assuming as in the case of an ideal gas that A>'i< An,, 
may be as often positive as negative, and that their values 
arc quite independent of each other, we get the total scatter¬ 
ing by squaring and adding tlioir intensities. The net result 
is thus proportional to 

ii * It T/J/N (1) 

and is thus proportional to the compressibility and to the 
absolute temperature and to the square of the density. For 
a gas obeying Boyle’s law, ft is the reciprocal of the pressure 
and it is easily seen that the expression reduces to n, which 
is the Rayleigh law of scattering 

For a liquid or very dense vapour of which the refractive 
index is sensibly greater than unity, the discussion proceeds on 
exactly the same lines as above, except that the local electro¬ 
magnetic field due to the molecules themselves cannot be 
negleoted in comparison with the field due to the incident 
wave and must be taken into account as in Lorcntx/s theory 
of dispersion This increases the intensity of the scattered 
light without affecting its state of polarisation ns shown in 
the paper (8) by Ramanathan quoted above The scattering 
due to a unit volume is now proportional to 




^2) 
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where e is the refractive index of the fluid. When p is suffi¬ 
ciently nearly equal to unity, (2) reduces to (1) 


3. X-ray scattering at very small angles with the primary 
beam. 

It will be seen that the simple treatment given above 
depends essentially on the possibility of dividing up the 
medium into slabs of thickness V 2sin J e which can be further 
subdivided into several slices, each of which is many molecules 
thick, so that the fluctuations of density in any slice can be 
assumed to be independent of those in neighbouring ones. 
This, in general, is obviously possible only when * is large, 
which is true in the optical case When * is comparable with 
molecular dimensions, and 6 has any moderate value, each 
slab of thickness x/2bhiJ 0 would he only a few molecules thick, 
and it would no longer be possible to assume that when it is 
sub-divided into thinner slices, the fluctuations in the 
different slices are uncorrelated, i e , independent of each other 
In fact, it is easy to see that when the volume of the liquid 
is divided into very thin slices each only a molecule or so 
in thickness, any excess of density in one slice necessarily 
involves a deficiency in the adjoining slices and vice-versd 
The simple summation of the intensities of the scattered 
waves due to the density-fluctuations in the different slices, 
thus ceases to be admissible 

In one case, however, the Eiustein-Srooluohowski theory 
may be applied as it stands to the problem of X-ray scattering. 
This is when the angle of scattering 9 is very small. The 
thickness */2sm \6 0 f the slabs ATI, BC, CD, is then appreciable 
and may be made as large as we please by sufficiently 
decreasing 9. For instance if *-0.71 A. U, and *=10' of arc, 
X/tomJ* = 239 A. U. and each of the slabs AB, BC, etc., would, 
if we take the case of benzene liquid, be about 50 molecules 
thiok. This thickness should be ample to enable the Einstein. 



DIFFHAC'flON OF X-RA.YS 


137 


Smoluchowski theory to be applied The isothermal com¬ 
pressibility P being 90*10 -,s dynes per cm 8 for benzene, it is 
easily shown by calculation that the scattering given by 
formula (1) is 1/40 times smaller than in proportion to the 
number of molecules per unit volume, The scattering of 
X-rays at these small angles by liquids is thus almost 
negligible Even for an angle of scattering of 2 degrees, a 
layer X/2hinl# thick would bo about 5 molecules deep, and 
though the Kinstein-Smoluchowski theory would not be 
stiictly valid, it could still be applied as a rough approximation, 
and the result indicated, viz , that the scattering is very small 
would hold good. 

It is thus seen to be usimplu consequence of thermodyna¬ 
mics that in respect of scattering of X-rays through small 
angles, ordinary liquids stand in n position not very dissimilar 
to that of a complete crystal or of a crystal powder. The 
principal point of difference is that, in crystals, the compres¬ 
sibility is even smaller than in liquids and the scattering 
at small angles is therefore practically evanescent. 

4. Explanation of the X-vay diffraction-halo of liquids. 

As the angle of scattering 9 ia gradually increased, a stage 
is arrived at when the slab is only one or two 

molecules thick, and it is clear that the thermodynamical 
theory based on the idea that the fluid is a structureless 
Continuum must then be modified The essentially new feature 
that must be taken into account is that the fluctuations of 
density in neighbouring slices are no longer uncorrelated. 
Without going very deeply into the mathematical theory, 
it is easy to understand in a general way the nature of the 
results to he expected. Eor simplicity, we shall consider the 
easel of a liquid which has only a very small compressibility, 
and in which consequently the thermal fluctuations of density 
are very small ; this means again that the molecules tend to 
tie distributed in space in a manner approaohing uniformity, 
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and not chaotically as in a gas. If, as before, (here be » 
molecules per unit of volume, it is convenient to regard as the 
mean molecular distance a length given by the formula 

x r -1-* 

\ 0 =r.n 

where k is a number of the order of magnitude of unity; 
regarding the exact value of k, we shall have more to say 
hereafter .Further, let the angle of scattering 9 be such that 
x=2A 0 sm \e Then each of the slabs AB, BC, etc , would on 
the average be just one molecule thick It is obvious that in 
such a case, as has already been remarked, the supposition 
that when each slab is further subdivided into a number of 
slices, the effects of the molecules contained in the different 
slices would practically cut each other out by interference, 
would be entirely wide of the mark. In the first place, the 
number of the molecules in the different slices, would show 
fluctuations of relatively considerable magnitude Further, 
instead of these fluctuations of density being entirely uncorrela¬ 
ted, they would be almost completely correlated in thr 
direction of amplifying the total observed effect. Foe 
assuming that out of the r slices into winch the slab ABis, 
divided, the middle slice contains at any instant an exces 
number of molecules, the ohancc that at the same instant the 
Blices near the face A or B contain a corresponding deficiency 
in molecules is very large. Since the scattered waves due 
to molecules in the middle and the outer faces of the slab differ 
in path by */ 2 , the effects due to the excess in one slice and 
the deficiency in the others, would have identical , phases, and 
their amplitudes would thus add up Thus a very large 
scattering may be expected in the direction referred to, in 
fact mnny times greater than i£ the different molecules were 
regarded as scattering centres in random distribution of phase. 

Theory thus leads us to expect a very large scattering in 
the direction 9 where A-=2A 0 »in \6, being the mean molecular 
distance. Since as we have seen, the scattering is, almoqf; 
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nothing at small angles, it follows it should increase 
rather abruptly as increases and approaches the value 
2 mn -, x / 2X ot o n tbc other hand, when 6 reaches and passes 
this special value, we should expect a fall of intensity which 
is somewhat less rapid. .For, as the angle of scattering is 
increased, the quantity -K «"> 1# becomes greater than \ and 
hence the fluctuations of density in the different slices begin 
to neutralise each other’s effects by interference, but not 
perfectly, owing to the want of correlation. At large angles, 
a considerable effect would be left over as the result of this 
incomplete correlation, and this may be expected to be still 
much greater than the Einstein scattering obtained in direc¬ 
tions nearly parallel to the primary beam. 

The theory thus clearly indicates that the diffraction-halo 
should be fairly sharp at its inner edge, and rather diffuse at 
its outer margin. These features arc well shown in Hewlett's 
ionisation curves and Huckcl’s photographs already cited. 

o Analysis of molecular poult ions m a liquid and in 
mixtures and solutions 

In order to present the theory of the X-ray diffraction- 
halo exhibited by liquids as outlined above in a more 
complete mathematical form, wc have to see how the 
theory of density-fluctuations which is based on the idea 
that a fluid may be regarded as a continuum should bo 
modified so as to take into account its actual coarse-grained 
structure. From general thermodynamical considerations, it 
is clear that the distribution of the moleoules in any smal^ 
volume of liquid can neither be absolutely uniform and 
geometrically regular and periodic as in a perfect crystal, on 
absolutely chaotic as in an ideal gns. The chiracterof the 
distribution as influenced by the thermal agitation and otheC 
factors must in fact be intermediate between these two 
extreme types. The density of matter [present must fluctuate 
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from place to place and these fluctuations of density may be 
viewed in two rather different aspects. The first way of 
regarding them is that adopted by Einstein and Smoluchowski, 
that is, to ignore the independent existence of discrete 
molecules and confine attention to the total quantity of matter 
present in volumes which are small enough to be beyond the 
limit of microscopic observation, but large enough to 
contain a great number of molecules. This is quite sufficient 
for the purpose of dealing with the optical problem and also 
the X-ray scattering at very small angles. The second way 
of regarding the matter is to take cognisance of the individual 
molecules and of their movements in order to discuss and 
analyse the fine structure of the liquid, and this is necessary 
when we discuss the scattering of X-rays at larger angles. 
When we consider the fluctuations of density from the first 
point of view, their magnitude may be predicted completely 
from a knowledge of the compressibility of the matter in bulk, 
and it is unnecessary to know either the weight of the 
molecules or their size and shape. The fine structure of the 
liquid on the other hand can only be fully determined if we 
know the properties of the individual molecules. The thermal 
agitation is one of the factors that must be considered in 
carrying out this analysis of the positions of the molecules 
in any slate of aggregation of matter, but that it is not the 
only factor is a fairly obvious proposition. To realise this, 
we have only to recall the extreme case of a crystal at the 
absolute zero of temperature. Here we have no “thermal” 
fluctuations of density, but the structure exhibits complex 
periodic fluctuations of density that do 1 not'vary with time. 

As a preliminary to the more complete analysis of posi¬ 
tions of molecules in a liquid, we shall first set out clearly 
the theory of density-fluctuations in a liquid in the simpler 
form sufficient for the optical problem. 

Thermal fluctuations of density .- Let us assume that the 
flbid- is enclosed in a cube of edge-length L each way in the 
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fluid, the co-ordinates of any point within thus volume lying 
between the limits 

0 < f < L 

0<7/<L 

0 < r < L 

Let the density of the liquid in any small region he denoted 
by 

p, whore p=p n + A 

Pn being the average density, and A the fluctuation. The 
work done in compressing the fluid contained in any small 
volume V so that its density is increased by A is 



and putting this equal to 

i R T/N, 

we get at once for the mean square of the fluctuation 

A '=/>„• RT/J/NV 

The same result may also be derived by assuming that the 
medium is traversed by plane sound-waves of different wave¬ 
lengths, whose energy is distributed in accordance with the 
equipartition principle. Following Einstein , 1 we may write 


"/ m n Imu 


Cot 2 tt / -- Co* 2tt m -f'- Cos 2w n 


where l, m, n, are positive integers. The potential energy in 
the sound-wave whose amplitude is R;.. when integrated 
over the volume is easily shown to be 


Bv.. l 

16 Fo’ 'P 


1 Aonftlan der Pliyilk, 1910, Band 33, p, 1289, 
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The law of distribution of each Q i-« is thus 


,, a , -N li\ B* 

Cexp litr Tg B| - 


where C is a constant, and it follows that the mean value 

; u\.HT/3 /NIj’ 

which is identical with that given above, since 

a* = ; h\„. 

This method of analysing the irregular distribution of 
molecules in a fluid into a system of sound-ivaves in a con¬ 
tinuous medium is of course merely a convenient mathe¬ 
matical artifice. Einstein adopts it in his paper and shows that 
for each given direction, it is sound-waves of a particular 
wave-length that are chiefly responsible for the scattering of 
light; this wave-length is connected with the angle of 
scattering 6 and the wave-length of the light A inside the 
fluid by the formula 

X = 2 A, m» i8 

The wave-length of the sound waves which are chiefly effective 
is thus, except for very small angles of scattering, of the same 
order of magnitude as the wave-length of the incident radiation 
In order that the thermal energy of the fluid may be 
identified with the energy of propagation of sound waves in 
it, it must, as is well-known, he assumed that the Bound-wave 
spectrum is limited on the short wave-length side, the smallest 
permissible wave-length being given by the expression 

X, = )j ~ s- ,y/-' = 1 118 I" 1 


It is thu9 clear pntnd facie that Einstein’s method of consider¬ 
ing the problem of scattering must fail when the wave-length 
of the incident radiation and the direction of observation 
considered are such that the sound-waves chiefly responBibla 
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for the scattering have a wave-length equal to or leBa than 
this limiting wave-length which is determined by the structure 
of the medium We have already shown however, that even 
before this limit is reached, the influence of the discrete 
structure begins to be felt and the conception of sound-waves 
in a continuous medium ceases to be appropriate as a method 
of dealing with the scattering problem 

Analysis of Fine Structure of Liquids In the foregoing 
application of the Fourier analysis to the determination of the 
thermal fluctuations of density, it was tacitly assumed that 
apart from these fluctuations, the fluid itself could be regarded 
as a uniform continuum This limitation must now be 
dispensed with, and the Fourier analysis applied to the 
determination of the actual distribution of matter in the fluid. 
The result of the analysis would depend on the manner in 
which the molecules, or rather the electrons in them respon¬ 
sible for the scattering of X-rays, are dispersed in space If 
they formed a regular space-lattice—(this contingency cannot 
of course arise in any actual liquid)—the analysis would 
indicate a definite periodicity in the distribution of matter 
with wave-length equal to the grating constant of (he lattice. 
Actually, of course, we cannot expect such sharply-defined 
periodicities or "structural line-spectra” in a liquid. We 
should rather expect to get as the result of the analysis, a 
“ continuous structural spectrum ” having its chief peak of 
intensity at a wave-length equal to or comparable with the 
mean distance between neighbouring molecules. We have to 
find a formula which will indicate the distribution of intensity 
in the " structural spectrum.” This cannot of course be done 
completely without a knowledge of the special characteristics 
of the molecules under discussion But, by considering only 
the essential features of the case, it would appear that the 
problem can, at least approximately, be solved with a 
knowledge of only the general thermodynamic properties 
of the fluid. 


0 
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Let us imagine a cube in the fluid, v liich is normally of 
edge-iength *-> distended or compressed into a cube of 
edge-length x , ; the work done in the process is given by the 
expression 


1 l 

1 li 



where P is the isothermal compressibility of the fluid. 
Actually as the result of thermal agitation, the cube might 
change shape as well as volume. If we take the cube to 
remain always a rectangular parallelepiped, the three edge- 
lengths may each be either greater or less than A. It is 
only one chance in eight that all the edge-lengths would be 
greater (or less as the case may be) than . The average 
work corresponding to a change of one of the edge-lengths 
from \i to may thus be taken to be 


1 1 x : 
l(i // 0 


( 1 -V 

V A » 


)' 


and its thermodynamic probability may in accordance with 
Boltzmann’s principle be written as 


A 



1 _ N 
16 HTfJ 




i 



<1 A,, 


where A is a constant. If A, b e taken to represent a wave¬ 
length in the Fourier analysis of the distribution of matter 
in the fluid, the expression just written is the formula for 
“ the distribution of intensity in the structural spectrum.'’ 
The expression gives a peak at the wave-length A, =\, ^vitli 
intensity falling oft' more or less rapidly on either side of the 
peak. It will be understood that here we are dealing with 
real periodicities in the distribution of matter, and not merely 
with fictitious mathematical periodicities ns in the discussion 
of the thermal fluctuations of density Further, these 
structural waves pass through the fluiij in all directions, and 
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we may more appropriately write as the expression for the 
intensity in the structural-spectrum, 


]{ OXp 


f1 X 
( l<i RT/3 





<ix, <m 


where B is another constant, and »wi h tlie elementary solid 
angle. 

The problem is now to determine the wave-length K of 
the peak in the “structural spectrum.” Primd facie, we 
shall not he appreciably in error if we take to be identical 
with the mean distance between neighbouring molecules in 
the fluid The evaluation of this mean distance is a very 
important problem in kinetic theory which does not appear as 
yet to have been adequately discussed For an ideal gas, 
Hertz 1 has shown the mean distance between neighbouring 

molecules tobe 0 55 L n a where n is the number of molecules 
per unit of volume. For a regular cubical arrangement of 

molecules, K is evidently equal to 1 » 1 , and for the closest 2 

1 _ 1 I 

possible packing » ' =1 '• In a liquid, the 

arrangement of the molecules is intermediate in type between 
the absolutely chaotic distribution characteristic of an ideal 
gas and the regular arrangement characteristic of a crystal 
Gans'* has attempted to take into account the finite volume 
of the molecules in the calculation of the mean molecular 
distance, and found that with increasing density of the fluid, 

_ ) i 

K increases from 0.554 » 1 to » 1 and even more. His treat¬ 

ment is howevci open to certain criticisms, and the numerical 
values given by him cannot be accepted as correct. The 
problem is considered afresh in a separate paper by one of 
us, and the general result emerges that for a liquid, K is 

1 Math Annalon 67 387, 1900 

1 Jean’fl Dynamiuil Theory of (ingea, 3rd Edition, p 330* 

3 phyfl Zeit, XXfll, 1022, p 109 
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A. n where A; is a fraction ranging from about 0.8 to 1 0 
according to the nature of the liquid and its condition as to 
temperature, pressure, etc K may also be oxpiessed in terms 
of the mean linear dimension or diameter " of the molecule 
under consideration The theoretical discussion indicates that 
in liquids under ordinary conditions K is of the same order of 
quantities as <* hut may be some 10J£ to 20^ greater. 

Liquid Mixture* and Solutions. As we have just seen, 
the “structural spectrum ” of a liquid consisting of only one 
substance is determined principally by the mean distance 
between neighbouring molecules and by its compressibility. 
Passing on to the case of mixtures and solutions, it is not 
difficult to see that the structural spectrum should, like many 
other physical characters, be at least roughly an additive 
property For, to a first approximation, the volume of a 
mixture is the sum of the volumes of its components, and 
hence it is legitimate to assume that the mean distance 
between two molecules of the same kind in a mixture does 
not differ notably from what it is in the pure components. 
Thus if we have a succession of at least three molecules of 
one kind 

AAA 

or three molecules of the other kind 

B B B 

in a line, we have periodicities which are the same as those in 
the pure components. On the other hand, if we have at least 
four molecules forming a chain in which the two kinds of 
molecules alternate, 

A B A B 
or 

BABA 

we would have wave-lengths corresponding to the sum of the 
two just considered. In the conditions subsisting in a fluid, 
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the formation of periodic arrays of four or more molecules 
of this special type 19 relatively an improbable event, and 
hence we are justified in assuming that the “structural 
spectrum ” of a mixture or solution would contain principally 
only those ware-lengths which occur in the pure components. 
The same reasoning indicates that the distribution of 
“intensity ” in the structuial spectrum in the neighbourhood 
of these principal wave-lengths would he much the same as 
in the pure components. Hence we may as a first approxima¬ 
tion take the structural spectrum of a mixture to be 
determined by simple addition of the sti uotural spectra of 
the pure components taken in the proper proportions 

A more exact discussion of the case of mixtures and 
solutions would involve a consideration of the changes of 
density and of compressibility which occur when the two 
substances are mixed, and the influence on the structural 
spectrum of the local spontaneous fluctuations of density and 
composition , the precise magnitude of these fluctuations may 
be determined thermodynamically from the data for the 
compressibility and partial vapour-pressures of the mixture. 
Pnnuifacie, the local fluctuations of composition of the mixture 
would have very little influence on the structural spectrum. 
For, we are only concerned with the average effect correspond¬ 
ing to the mean composition of the whole liquid If the two 
components make up the structural spectrum in proportion to 
their respective concentrations, the average effect would be 
the same as if the liquid was uniform throughout and exhibited 
no fluctuations of composition. The fluctuations of density 
on the other hand are all-important, as in the Case of a pure 
liquid. The compressibility of the mixture therefore enters 
in a fundamental way in the problem and where this shows 
marked deviations from the additive rule, 1 the distribution of 


1 For data regarding the compressibility of mixtures nnd solutions, see Cohen end 
Robot's Pfe^o-Ohem ie, Leipzig, 1910, pp, 113-142 
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intensity in the structural spectrum would differ from that 
given by a simple superposition of the spectra of the two 
components. Any notable change of volume on mixture 
may also be expected to result in a shift of the positions of 
the peaks in the spectra 

(i Calculation of the Intensity of X-ray Scattering . 

Having analysed the distribution of matter in the fluid 
into a “ Structural spectrum,” in other words, into a number 
of superposed periodic distributions of different wave-lengths, 
we proceed to determine the X-ray scattering at different 
angles by this structure We ignore the periodicities of larger 
wave-length which may be identified with sound-waves 
traversing the medium and which, as we have seen, are only 
of importance when we discuss the scattering in directions 
nearly identical with the primary beam For larger angles 
of scattering, the periodicities of shorter wave-lengths which 
arise from the discrete structure of the medium are the only 
ones that need he considered. It is obvious that each of the 
periodic distributions of matter into which we have analysed 
the structure of the fluid would cause an internal reflection 
or enhanced scattering of the incident X-radiation in the 
direction given by the Bragg formula 

2 X, Rin \ 0=X 

where x is the wave-length of the incident X-radiation and 
is the wave-length under consideration in the structural 
spectrum. Since the structural waves traverse the fluid in 
all directions, the enhanced scattering or internal reflection 
corresponding to the wave-length x i would occur in all direc¬ 
tions coinciding with the generators of the cone of semi¬ 
vertical angle 9 Since K is the wave-length giving the peak 
of intensity in the structural spectrum, the special value of 9 
given by the relation 


2 X 0 sin -V 0=X 
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gives the cone of greatest intensity of the scattered X-rays, 
and the scattering would be considerably less both for larger 
and smaller value of * The formation of a fairly well-defined 
circular diffraction-halo in the X-ray scattering by liquids is 
thus clearly explained on the conception of the structural 
spectrum. 

From the standpoint of the electromagnetic theory, the 
problem of determining the effect of the periodic distributions 
of the matter forming the structural spectrum on the 
propagation of radiation through the substance is very 
similar to that solved by Einstein in his paper on light- 
scattering in fluids except that the law of distribution of 
intensity in the “ Structural spectrum ” is different from that 
in the “ Sound-Avave spectrum ” In fact, avo can obtain an 
expression for the scattering dne to the “ Structural spectrum ” 
merely by a slight modification of Einstein’s treatment for 
the “Sound-wave spectrum” In the optical problem, Ave 
have light-scattering of the same intensity in all a/imuths 
when the incident Avavo is assumed to have its electrical 
vector perpendicular to the plane of observation. This is 
dne to the fact that the sound-waves of different Avave-lengths 
Avhich, as explained above, are each separately responsible 
for the scattering in different directions, are all, in accordance 
with the equipartition principle, of the same intensity. In 
the “ Structural spectrum,’’ on the other hand, the periodic 
distributions of matter of different wave-lengths follow the 
special exponential laiv of intensity 


A exp 


'- 1 N A >( 

( 16 KT/J 0 V 




<t\ l 


Observing, as before, that each periodic distribution of wave¬ 
length *i, is responsible for scattering in a specific direction, 
the distribution of intensity in the diffraction-halo should 
obviously follow the law of the structural spectrum very 
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closely. We may therefore write the intensity of tho scattered 
radiation in any direction 6 to he simply 


., ( l ^ i ,/ i V \’] 

IS KT/« *• ( 1 “xl* ) j 


where i.s given by the Hragg formula 


A = ^ Ai ii \ 0 


and C, is a numerical factor. 

A useful verification of the formula is obtained by 
considering the case of a fluid of great compressibility, e.y, 
a gas. In such a case, P is very laige and the formula 
indicates, as is others ise to be expected, that the scattering 
is of equal intensity in all directions perpendicular to the 
direction of the electric vector in the incident rays If the 
incident X-rays are unpolansed, we should multiply the 
numerical factor C, by (l + cos &) exactly as in the ordinary 
theory of light-scattering. 

The numerical factor C, may be evaluated in the follow¬ 
ing way. In experiments on X-ray scattering, the wave¬ 
length * is generally much smaller than the mean distance 
between neighbouring molecules The concentration of the 
scattered radiation in the form of a diffraction-halo is due to 
the anaugement of the molecules not being a random one, 
and hence there existing a correlation of the phases of the 
waves scattered by neighbouring molecules,—agreement of 
phase and increased intensity in certain directions, disagree¬ 
ment of phase and diminished intensity in others. The 
problem is analogous to that of the diffraction of light by a 
large number of fine holes arranged in a roughly uniform 
manner in an opaque screen. We know that in such a case, 
the integrated intensity of the diffracted light in all directions 
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together is simply equal to the energy transmitted hy any one 
aperture multiplied by the number of apertmes. Exactly 
the same way, c, may be found by integrating the energy of 
the scattered radiation in all diiections and putting it equal 
to the scattering by one molecule multiplied by the number 
of molecules in the volume under consideration. 


7 Comparison with Observations 

In order to test the indications of the foregoing theory 
by comparison with experiments on the scattering of mono¬ 
chromatic X-radiation by liquids, we require to know the 
compressibility ft of the liquid and the mean distance * 0 
between neighbouring molecules m the liquid The latter 
quantity may be roughly estimated from the known molecular 
mass M and the density <1 of the liquid ; the best way of 
finding it is however from the X-ray scattering itself Asia 
evident, the formula 


S|> 


( _ 1 N x '( 
( H. HTft u V 



when graphed gives a strongly pronounced maximum at the 
wave-length x , =K< and the general shape of the curve 
reproduces with striking accuracy, the experimental curves 
obtained by Hewlett by the ionisation method (See Fig 1C 
and Fig. ID above, in comparing which allowance should 
be made for the imperfect monochromatism of the X-ray 
pencil used by Hewlett) from the known wave-length of the 
X-rays used and from the angle of scattering for maximum 
intensity, *n may lie found by using the Bragg formula 


That * 0 thus determined is of the sami order of quantities 

7 
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as the value of the mean molecular distance otherwise found 
is seen from the following table 

Tabt.e. 


Si ilNTANCE 

i 

\ 

00 

1 


B- 1 

/M=n" T 

V a 

X„ n 1 

Results of Hewlett 

Benzene 

712A 

8 5" 

4 80A 

5 27 A 

0 911 

Octane . . 

u 

8 r 

5 01A 

0 45A 

0 781 

Mesitylene 

» 

1 ! 

6 5° 

1 

6 28A 

is ha : 

i 

1 024 

Results of 

Keesom and Smedt — Fust pnpei 


Oxygen 

1 5AA 

27° 

3 30A 

3 59 A 

0 919 

Argon 

v» 

27° 

3 30 A 

3 «1A 

0 914 

Benzene 

in 

18° 

4 92A 

5 27 A 

0 9J4 

Watei 

n 

2U° 

1 08 A 

3 0!)A 

0 997 

Aethyl alcohol 

15 

22 u 

4 04A 

4 57 A 

0 884 

Aethyl aether 

M 

19° 

4 67^ 

5 55A 

0 841 

Formic acid 

II | 

2V J 

3 70A 

3 96A 

0 934 

Results of Keoflom and Smedt 

—Second paper 


Oxygen 

712A 

12 5 

3 27A 

3 59A 

0 911 

Argon 

■ I 

13 0 

3 15A 

3 61A 

0 073 

Water 


13 44 

3 04A 

3 09A 

0> 984 

Nitrogen 


11 :14 

3 60A 

3 85A 

0 935 

Carbon disulphide 


, 13 23 

3 09A F 

4 63A F 

0 067 
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The mean distance * 0 between neighbouring molecules 
found from the X-ray data is in every case of the same order 
of magnitude as n—\ where n is the number of molecules per 
unit of volume. The last column gives the value of k where 
\ 0 -*>kn— \ It is seen that A is generally about 0*8 or 0*9 as 
is indicated by theory It is noteworthy that of the 5 
common liquids reported upon by Kcesom and Smedt in their 
first paper, water which has the smallest compressibility has 
a value of k which is practically unity, while for ether which 
is highly compressible, k has the relatively low value 0*841. 

The compressibilities of the three liquids for which Hewlett 
has given scattering curves are lespectively as follows — 

fleri/eno 90x10“ 11 dyne/cm 1 

Octane « 120x10“ 11 „ 

Mpsitjleric 75x10“ 11 , 

The differences between these are distinctly too small to 
produce any notable variation in the sharpness of the halo 
according to the formula Strictly speaking, however, the 
halo for octane may be expected to be slightly less sharp 
than that for benzene or mesitylene. Hewlett’s curves seem 
to mdicnte that this is actually the case, though owing to the 
width of the slit used and other complications, the data 
cannot be regarded as sufficiently precise on the point. 
Accurate data Are as yet not available for any other liquid. 
It would be of interest to find experimentally whether liquids 
of high compressibility, eg , ether, exhibit a more diffuse halo 
than others, and whether any effect is produced by raising the 
temperature of the liquid towards the critical point ; with 
rise of temperature and consequently increase of both T and 
/*, the halo may be expected to broaden, and since would 
increase with rise of temperature, the halo should also 
approach more closely the direction of the primary rays. The 
scattering at small angles Bhould nlso increase in accordance 
with the EinBtein-Smoluchowski formula. These indications 
of theory remain to be tested by observation. 
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The preceding calculations are based on the analysis of 
the fine structure of the liquid into a continuous “ structural 
spectrum ” having the mean distance between neighbouring 
molecules as its dominant wave-length While this analysis 
no doubt correctly represents the facts in broad outline, it 
leaves out of account the special features arising from the 
structural peculiarities of tho individual molecules and their 
influence on the distribution of matter in a closely packed 
assemblage. Other periods, particularly those with wave¬ 
lengths much smaller than A„, m.iy conceivably become 
prominent when a dense aggregation of matter is analysed 
In such a case, fainter diffuse haloes may arise outside tho 
principal one. Then again, anomalies may arise in the case 
of highly asymmetrical molecules in which, instead of a 
single value of K, we may have two or even three separate 
values of the mean distance depending on the special relative 
configuration of neighbouring molecules Tho principal 
halo would then itself exhibit a complicated structure which 
might become better defined at lower temperatures when tho 
thermal agitation and its diffusing influence are minimised 

A convenient way of visualizing the complications that 
may arise in individual cases is to consider the powder 
diffraction-haloes obtained by the Dehye-Scherrer method 
with the same substance in the solid crystalline state It is 
well-known that with the finest powders in which the indivi¬ 
dual particles are microscopic or ultra-microscopic crystals, 
the diffr iction-rings obtained by Ihis method are relatively 
diffuse 1 If we imagine the process of subdivision of tho 
individual crystals continued gradually, a stage would 1 e 
reached when the outer rings would practically all have merged 
into a diffuse general blackening of the photographic film and 
even the first few intense rings would have broadened out 


1 Bee, Bzigmondy’s Kolloid-Chemie, Appendix on tho X my nnnlj bib of colloids, by 
Bcherrer 
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and merged into a single halo. If we imagine all the crystals 
broken up into individual molecules, we should still get a 
halo, because, as we have already seen, thermodynamic 
considerations ensure a ceitain degree of uniformity in the 
spacing of the molecules In view of this analogy, it may 
be expected that some of the loss prominent details of the 
powder-halo may also Survive and lind their counterpart in 
the liquid-halo, though diffused and modified by the expan¬ 
sion or contraction which takes place on melting 

The considerations indicated above suggest that it would 
be of great interest to compare the diffraction-halo shown 
in the liquid stile uith that shown hv the same substance in 
tho state of crystalline powder below its melting temperature. 
Unfortunately, as \et, sufficient expeiimental material is not 
to hand for making such a comparison In two cases, 
however, that of water and benzene respectively, the necessary 
data are available X-ray powder-photographs of ice have 
been obtained by Dennison 1 2 and the results have been 
dismissed theoretically by Sir W FT 13iagg, J who has pointed 
out a defect m the experimental technique of Dennison’s 
work The spacings observed in AIT me chiefly, 3 92, 3 67, 
3 -U, 2 08, 2 2(5, 2 07, l 0d, l 02, 133, 1 37, 1 30, l'l7. The 
fust four loughly gioup about a mean 3 12 A U. and the 
next foui which are nearly coincident give a strong halo 
at 2 05 A.TJ Allowing for the contraction and re-arrange - 
ment which takes place on melting, thsee spacings are in 
general agreement with (he first and second diffraction haloes 
found for liquid water by Keesorn and Smedt The X-ray 
powdei photogiaph of solid crystalline benzene taken by 
lb'oome 1 shows extremely strong haloes corresponding to 
spacings of 4r90 and 110 A,U , a second prominent group 
of haloes corresponding respectively to spacings of 371, 

1 l’hiBKtil Review, Jmh 921 

2 Physical Sot lely’s PincecdiiiKH 1022, p 101 

1 PIijb Zeitu , March 1923, Pluto VI 
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3 44 and 3 11 A U. and a third group corresponding to a 
spacing of about 2 00 A.U The first prominent halo of 
liquid benzene corresponds to a spacing of 4 80 A.U., while 
Hewlett’s curves also show distinct humps corresponding to 
spacings of 3 10 A.U and 2 01 A IJ The agreement appears 
significant. 

'Finally, it may he remarked that observations on the 
X-ray diffraction by liquids consisting of molecules with 
extended chains of CH 3 groups and the like, e g., the fatty 
acids, would be of interest. No data appear to be available 
regarding these. 

Leaving now the case of pure liquids, we may refer in 
passing to the case of liquid mixtures and of solutions. 
Wyckoff 1 has studied mixtures of benzene and carbon tetra¬ 
chloride, water and glycerol, methylene iodide and carbon 
tetra-chloride, and also aqueous solutions of potassium chloride 
and of alum The X-ray dilFraction-effects shown by the 
liquid mixtures tried were found by him to be more or less 
merely superpositions of the effects shown by the components 
separately. Those due to the aqueous solutions were practi¬ 
cally similar to that of pure water. The results for mixtures 
are in agreement with the approximate theory already 
indicated In the case of aqueous solutions, the dissolved 
material was probably insufficient in quantity to appreciably 
influence the observed results Wyckoff has not studied the 
case of partially miscible liquids It would be of interest to 
examine some cases of this kind, special attention being paid 
to the phenomena observed in the immediate vicinity of the 
critical solution temperature and for small angles of 
scattering, 

8. Liquid Crystals. 

Hiickel's result, already cited in the introduction, that no 
notable difference is observable between the diffraction haloes 


1 A me Homo Journal of Science, Vol V, 1023, p. 4M 
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shown by “ turbid ” and " clear ” anisotropic liquids 
readily receives explanation in the light of the foregoing 
theory and of the ideas regarding the constitution of these 
bodies put forward by Oscen in two recent memoirs. 1 Oseen 
considers separately two types of interaction between the 
molecules, (a) forces tending to alter the relative positions 
of their centres of gravity, and ( b ) couples tending to alter 
their relative orientation. The equation of state of the fluid 
is derived by statistical-thermodynamical considerations on 
the basis of the assumed laws of interaction between the 
molecules Both theory and observation indicate that in the 
turbid anisotropic liquids, there are regions whose dimensions 
include many wave-lengths of visible light over which the 
molecules are (at least approximately) similarly oriented. 
Similarity of oriental ion does not however necessarily involve 
any special regularity of spacing 5 beyond what may be 
expected on known thermo-dynamical principles from the 
compressibility of the liquid It is piobable also that the 
orientations are not exactly identical but that there is only a 
mean direction about winch they oscillate The absence of 
rigidity clearly shows that the definite space-lattices charac¬ 
teristic of solid crystals do not exist in the “ turbid ” fluids. 
Since the X-ray pattern is determined by the spacing of the 
molecules, and since what is observed in the experiments is 
the aggregate effect of groups oriented in all possible 
directions, it is clear that the diffraction-halo of a turbid 


1 Stockholm Academy, Haudlmgai, Baud 61, No, L6 and Bund 0d, Nu 1, IU2I 
9 In this connection, it is of interest to refoi to Lho expeiunonLs of Duiker (Jour 
Ghem Soc, 1906, Vol. hO, p 1120) and Beilby on the mfineuce of a set of regularly arranged 
molecules on the crystal Formation of an isomorphoua substance Barber round that if a 
tluu him of NaN0 1 bo allowed to dry on a polished surface of onlcite, the crystals of 
NuN0 1 had their edges pom 1 Inl to IIiohl of culciLe Beilby has shown that ever when there 
are intervening films of foreign mater ml, the orienting influence was exerted thiongh the 
films provided they were nuffiuenLly thin Therefore the existence of an orienting influence 
dies uot nooessanly connote a definiteness of spacing (Beilby—Aggiegahon and Flow ip 
Solids, p. 102 ) 
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anisotropic liquid would differ little from that of the clear 
liquid 1 The observations ol lluekel are thus readily 
understood. 

A detailed compaustm of the A-ray photographs lor the 
solid crystalline, um>otropic liquid, and isotropic fluid states 
for p-azoxyamsol and cholestorvlpropionale reproduced with 
Iluckel’s paper is instructive For both substances, the 
diameter of the liquid halo is approximately the same as that 
of the most intense group ot lings in the crystal-powder 
photograph. Fuither, the haloes for the anisotropic and of 
isotropic liquids slate, though very similar, are not absolutely 
identical and show slight differences m detail. This is not 
surprising in view of the fact that the compressibility, 
and other physical propei ties depending on the molecular 
arrangement are not identical for the two states Further 
studies in regard to tins would be well worth undertaking 

The recent studies of Fncdel and Foyer 1 and of Friedel 1 
on anisotropic liquids with equidistant planes are of great 
interest in this connection Friodel characterises ns the 
‘smectic’ state an arrangement in which the molecules 
besides having a common direction are in addition arranged 
hi equidistant parallel layers, and which is thus intermediate 
between the amorphous and uyslalline states of matter To 
use the phraseology of our present investigation, the 
“smectic” state is a slate nT aggregation for which the 
“ structural spectrum ” for a particular direction is similar 
to that of a crystal, but for perpendicular directions is 
similar to that of a liquid. The X-ray diffraction by the 
“ smectic ” .state of matter would thus simultaneously exhibit 
the characters of a crystal and of n liquid in different 

1 Tho X-rny method of obnuruibion ih LIiiih hi ii hciiho Ions piiwm Ful than llio nphcnl 
one in this particular In Id Unbilled sludicN of the Hud lei mg of ordinmy light by 
" turlnd ” uniHotropiL llmds in diffeinnt iliruoLiuiia unit at ditTuient InnpcruturoR would 
be of interest in relnLion to tlm varying si/a of ilie inoliculm grnnpn 

1 Comptes Kendiis, Dcr 1921, June 1022 

n Connies do Physique, November, 1622 
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directions. The observations of De Broglie and Friedel 1 on 
the X-ray diffraction by oleate films, and of Fiper 1 and 
Grindley on the X-ray diffraction by soap-curds may be 
explained on this basis. 

9 Amorphous Solids. 

It is well-known that many liquids and liquid mixtures 
when freed from dust may be cooled much below the ordinary 
melting temperature without crystallization occurring, and 
that they then pass into a highly viscous or [glassy condition. 1 
The view has therefore gained general acceptance that 
vitreous or amorphous solids are really super-cooled liquids, 
the softening temperature being higher than that of obser¬ 
vation. We have already seen that even in liquids, the 
positions of the molecules are not distributed at random but 
with a certain degree of regularity depending on the com¬ 
pressibility of the substance Since, by lowering of tempera¬ 
ture, the compressibility of <i liquid generally diminishes, 
it follows that when the substance reaches the highly viscous 
condition, the molecules are arranged with not less thnn the 
degree of regularity characteristic of the ordinary fluid con¬ 
dition. The statement frequently made that in an amorphous 
solid, the molecules are disposed at “random” is therefore 
certainly erroneous It is true we do not have that complete 
regularity of spacing and orientation characteristic of a 
crystal. Since an amorphous solid is optically isotropic, it 
follows that the orientation of the molecules does not he in 
any particular direction. But the spacing of the molecules 
has a considerable degree of regularity. The “ structural 
spectrum” of an amorphous solid is theiefore very similar 
to that of a liquid. 


1 Oomptes JiortluB, March IS, J918 
1 Phya Boo of London, Proceedings, August 1923, p, 209 

1 See for instance, Gt Tftmniunn, M Aggiegnt Zustand " Leopord Vohb, Leipzig, 1922 

B 
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A valuable confirmation of the views expressed above 
is furnished by observations on the scattering of light in 
amorphous solids such as optloel glass and in supercooled 
liquids. Observations with liquids such as salol (phenyl 
salicylate) which may he converted into glassy solids by 
sufficiently cooling them show that the light-scattering power 
in the glassy condition remains of the same order of 
quantities as in the fluid state The fact that the optical 
behaviour of an amorphous solid is very similar to that of n 
liquid is a justification for inferring that in regard to X-ray 
diffraction as well, tliey should behave similarly The observa¬ 
tions of Jnuncey by the ionisation method refered to in the 
introduction, and of Wyckoff (1C) show in fact that ordinary 
glass gives a diffraction-halo very similar to that of a liquid. 
This does not, as has sometimes been suggested, indicate that 
glass possesses a rudimentary crystalline structure. The 
diffraction-halo observed is truly characteristic of the amor¬ 
phous or non-crystalline condition. The sharpness of the 
halo is a measure of the regularity in the spacing of the 
molecules An extensive series of observations of the X-ray 
diffraction-halo given by liquids which nre supercooled and 
made to pass into the vitreous condition would he of interest 
in order further to elucidate the nature of the amorphous 
condition, and particularly to determine whether, when the 
temperature is taken below the softening point, any further 
re-arrangement of the molecules takes plafie or not 

Incidentally, it may be remarked that the conception 
of the “ structural spectrum ” may nlso be usefully extended 
to the case of solids and of solid solutions which are not truly 
amorphous but consist of microscopic or ultra-microscopic 
crystals packed together The smaller the crystals, the more 
diffuse and weaker would be the lines of the “structural 
spectrum ” and the more nearly would the X-ray scattering 
approximate to that characteristic of a truly nfnorphous 
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10. Summary and Conclusion. ! 

Tbe paper considers the explanation of the diffraction - 
haloes observed when a pencil of mbnochromntio. X-r4diafSion 
passes through a-film of liquid and is received on n pftotoi 
graphic plate. Explanations previously suggested are disou&sed 
and are shown to he inadequate. 

(1) The explanation of the phenomenon is shown to 
depend on the consideration that the positions of the molecules 
in liquids are not at random hut possess a Certain degree of 
regularity which can be estimated thermodynamically from 
the compressibility of the fluid. 

(2) The Smoluchowski-Einstein theory of light-scattering 
in fluids cannot he applied us it stands to the problem of the 
X-ray scattering owing to the fact that it praotically treats 
the fluid as a continuum, an assumption which is justifiable 
in the optical case but not in the X-ray problem where the 
wave-length in much smaller ; it is essential here to take into 
account the discrete structure of the medium. 

(3) For very small angles of scattering, however, the 
Einstein-9moluchowski theory is applicable even in the X-ray 
problem, and an explanation is leadily forthcoming why 
liquids scatter very little nt such angles 

(4) For larger angles of scattering, the discrete structure 
of the medium is taken into account by analysing the 
distribution of matter in the fluid into a continuous “ struc¬ 
tural spectrum” which has its peak of intensity at a wave¬ 
length equal to the meAn distance between neighbouring 
molecules The law of the "structural spectrum " is 
exponential and is given by 


A 


exp, 


(j. N 
[ lb RT/8 



A,' 

K 



dX l 


(5) The X-ray scattering in different directions is obtain¬ 
ed very simply by combining the law of the struotural 
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spectrum with the Bragg formula, 

X=2X, sin 

• • ..j 

and this gives a diffraction-halo with its maximum intensity 
in tlie directions for which x,=A 0 . The curve of intensity 
of the scattering in different directions agrees well with the 
experimental results of Hewlett, and the mean molecular 
distance *<• with the value deduced from kinetic theory. 

(0) A discussion of the case of liquid mixtures indicates 
that the X-ray diffraction-halo should be practically a simple 
superposition of the haloes due to the separate components, 
as has been observed by Wyckoff. 

(7) Diffraction by anisotropic liquids is discussed and 
the experimental results obtained by Hiickel, and by De 
Broglie and Eriedol are explained. 

(8) Very similar arguments explain the X-ray diffraction- 
halo shown by amorphous solids 

(9) Some of the finer details of the balo observed in the 
experiments arc also discussed and are shown to ho intelligible 
in the light of the theory set out 



Annual Report for the year 1922. 

1. The Committee of Management beg to submit the 
following report showing the work done by the Association 
during the year under review. 

2. The Physical Laboratory of the Association continued 
as usual to be a centre of active research in various branches 
of the science, and attracted workers from different parts oE 
India and Burma The following list of papers which were 
contributed from the Laboratory of the Association or publish¬ 
ed in its Proceedings during the year 1922 may serve as an 
indication of the volume of the research work in which the 
Association has co operated. 

Proceedings of the Association, Vol l'II, Pts III IV. 

1 Quctelet’s Bings in Mica. By Nihal Karan Sethi, 
D.Sc, Professor of Physics and C. M Sogani, 
M.Sc., Asstt Professor of Physics, Benares 
Hindu University. 

?. On the Colours or Tempered Steel and Other Tarnish¬ 
ed Metal Surfaces. By Brojcndra Nath Chucker- 
butti, D Sc, Asstt. Professor of Physics, 
Calcutta University 

3. Thunderstorms in Trivandrum, By K. R. Rnmana- 

tban, M A., Director, Trivandrum Observatory. 

4. An Optical Study of Free and Forced Convection from 

Thin Heated Wires in Air. By Satish Chandra 
Pramanik, M.Sc., Research Scholar, Indian 
Association for the Cultivation of Science 

6 On Laminar Diffraction and the Theory of Microsco¬ 
pic Vision By Nalini Kanta Sur, M. Sc., Lecturer 
in Physics, Ewing Christian College, AllaLabad. 

G. On the Theory and Some Applications of Sub-synchio- 
nous Pendulums. By Durgados Banerjee, M.So, 
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Demonstrator of Physics, University College of 
Science, Calcutta 

7 On Whispering Galleries By C V llaman, M. A , 
D Sc , Palit Professor of Physics, Calcutta Uni¬ 
versity 

Proceedings of the Royal Society, 1922 

1. On the Molecular Scattering of Light in Water and 

the Colour of the Sea Uy Prof C V Hainan. 

2. On the Molecular Scattering of Light in Vapours and 

in Liquids and its Relation to the Opalescence 
Observed in the Critical State Uy K. it. Ilama- 
nathan, M A 

Philosophical Magazine, 1922. 

1 On the Phenomenon of the Radiant Spectrum Uy 

Prof. C V llaman. 

2 On the Convection of Light in Moving Cases By 

Prof C V Raman and Dr N K. Sethi. 

3. On a New Optical Property of Uuixial Crystals By 

Prof C V Raman and V S Tamnia. 

^Latrophysical Journal, 1922. 

1 Einstein's Aberrntion Experiment By Prof. C V 
Raman. 

Journal of the Calcutta Mathematical Society, 1922 

1. On the Disturbed Electron Orbits in an Electro¬ 

magnetic Field Uy Panchanon Das, M.Sc. 

2. Caustics formed by Ditfraotion. By P. Das, M.Sc. 

3. On the Spectra of Isotopes By P. Das, M.Sc. 

4. Ripples of Finite Amplitude on a Viscous Liquid. 

By J. C. Kameswar Rav, M.Sc. 
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Nature. 

1. Optical Observation of the Thermal Agitation of the 

Atoms in Crystals By Prof. C V Raman 

2 Anisotropy of Molecules By C. V. Raman. 

3 The Colours of Tempered Steel. By Prof C Y. 

Raman. 

4 Molecular Structure of Amorphous Solids By Prof. 

C. V Raman. 

5 The Radiant Spectrum. By C. Y Raman 

CJ. Diffraction by Molecular Clusters and the Quantum 

Structure of Light By C V. Raman. 

7 Einstein’s Aberration Expt. By Prof. C. V. Raman. 

8 Molecular Aelotropy in Liquids. By Prof. C. V. 

Raman 

9. Opalescence Phenomena in Liquid Mixtures By 

Prof. C. V Raman 

10 Transparency of Liquids and the Colour of the Sea. 

By Prof. C. V. Raman 

11. The Spectrum of Neutral Helium. By C. V. Raman 

Early in the year under report, your Honorary Secretary 
accepted an invitation from the University of Madras and 
delivered a special course of 6 lectures illustrated by experi¬ 
ments on “ Recent Developments in Physics ” which were 
attended by crowded audiences from all parts of that Presi¬ 
dency. He also attended the Science Congress at Madras as 
Honorary General Secretary of that organisation Later in 
the year, your Secretary visited the old Government Granary 
at Bankipur in Patna with a view to study the whispering 
gallery effect and conducted experiments at the Yiotoria 
Memorial and at the General Post Office, Calcutta, with the 
result that he discovered two new u hispermg galleries which 
had remained unsuspected hitherto. Three special lectures 
were delivered by him at Benares at the invitation of the 
Vice-Chancellor of the Hindu University during the year 
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under review He also visited Vizianagram at the invitation 
of H. H. The Maharaj i to deliver an address to the College 
Science Association. 

Mr. K. H. Ram an a than was deputed by the Madras 
University with a research scholarship to work at the Labora¬ 
tory of this Association He continued his work on the 
determination or molecular scattering of light in liquids and 
gases at different temperatures and high pressures up to 100 
atmospheres. 

Mr. K. Seshagiri llao was also awarded a special 
research scholarship by the Madras University to continue his 
work in our Laboratory on the scattering of light in liquids 
and gases. 

Babu Sntish Chandra Framanik held a research scholar¬ 
ship from the Association during a part of the year under 
report. 

Mr. V S Tamma, Professor of Physics, Meerut College, 
worked here in the Laboratory for about six months on conical 
refraction in crystals and on the scattering of light in mixtures 
of phenol and water 

Mr. Lalji Srivaslava, Professor of Physics, Government 
College, Ajmere, worked nearly ten months in the Laboratory 
on the effect of temperature on the scattering of light in 
quartz and on the double lefraction of rock salt. 

Mr N C Krishna Iyer, Professor of Physics, Government 
College, Rangoon, worked in this Laboratory for nearly three 
months on the vibrations of stiings. 

Mr N.ilini Kanta Sur, Lecturer in Physics, Ewing 
Christian College, Allahabad, worked here for about three 
months on the scattering of light in smoky quartz. 

Mr. D. B Deodhar, Reader in Physics, Lucknow Univer¬ 
sity, worked here about a month on the scattering of light in 
gaseous mixtures 

Mr. L. A. Ramdas was working in this Laboratory on the 
colours of Labradorite and of potassium chlorate crystals. 
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Mr. S. Bidwai, Lecturer in Physics, Meerut College, 
worked in this Laboratory for about two mouths on the 
colours of haematite crystals 

Mr. 11. 8 Deoras of the College of Science, Nagpur, also 
worked in this Laboratory for some time. 

Mr 8. Ramakrishna Iyer, Assistant Professor of Physics, 
Maharajah’s College, Trivandrum, worked for about 2 months 
on electrical discharge in gases at low pressures and on the 
absorption of light in liquids. 

Applied Ulectricity Class 

During the hitter part of the year under report, Mr. S K 
Dutt, M A , Dipl. Tng (Chirloltenburg), came forward to deliver 
a course of lectures on Applied Electricity. We convey our 
thanks to Mr. Dutt for his taking interest in the Association 
by delivering such useful lectures Some 150 students took 
admission in the above class and about 20 lectures were 
delivered on the subject. 

Department of Chemistry. 

During the year under report the general lectures in 
Chemistry were discontinued as there was no response to the 
announcement made in the papers and the notices sent to 
different colleges. 

The Commercial Analysis class went on as usual w'ifh 
five students of whom two will appear at the final examination 
in June 1923. 

Mr. 11. Yenkateswaran of the Burma Educational Service 
worked at the Laboratory of the Association and contributed 
an important paper on the ‘ Molecular Scattering of light in 
n-pentane ’ to the Transactions of the Chemical Society of 
London for December 1922 Prof Y. Vcnkataramiah, some¬ 
time Vizianagram Scholar of the Association, worked on ultra¬ 
violet scattering and absorption in benzene. It is hoped, that 
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the Chemical Laboratory of the Association will soon develop 
into an active centre of research in Physical Chemistry 

Botany Department. 

The required number of lecture* in Botany for I A. and 
I Sc. students were delivered by Profs Joytish Chandra Pal 
and Raj Kumar Sen and the practical classes were held by 
these professors with the assistance of a demonstrator. 

The test examination of the 2nd year Botany cla^s was 
held in due time The first three students will be awarded 
prizes. Their names are given in order of merit.— 

1 Pramatha Nath Dutta. 

2. Ramendra Nath Ghosh. 

3 Harendra Nath Seal 

Library. 

The following special additions to the Librai y were made 
during the year ■— 

1. One set of Annalen der Pliysik for 20 years. 

2 One set of Encyklopadie der Mathernatischen Wiss- 

enschaftcn. 

3. One set of Winkelmann’s Handbuch der Physik, 

4 Kaiser and Runge’s Handbuch Der Spektroakopie. 

The following publications were also subscribed for as 

usual .— 

1. Scientific American Monthly. 

2. Nature. 

3. Science Abstracts, A & B 

4. American Journal of Science. 

5. Philosophical Magazine. 

6. Botanical Gazette. 

7. Annals of Botanv 

• 

8. Astrophysical Journal. 

8. Chemical News. 
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10 Proceedings of the lloyal Society, A & B 

11. Transactions of the Royal Society, A & B. 

12 Physical Review 

13. Annalen der Physik. 

14. Physikalische Beriohte 
15 Zeitschrift fur Physik. 

1 - Physikalische Zeitschrift 

17 Encyklopadie der Mathematischen Wisscnschaften 
IS Collegian 

The Committee have to acknowledge with thanks the 
presentation of Journals and Periodicals in exchange from 
the following Societies .— 

1 The Smithsonian Institution. 

2. Cambridge Philosophical Society. 

3. Physico-Mathematical Society, Tokyo, Japan. 

4 Manchester Literary and Philosophical Society 

5 American Philosophical Society. 

6 University of Illinois 

7. Earaday Society 

8. Eranklin Institution 

9. American Geographical Society. 

10. South African Association for the Advancement of 

Science 

11. Sitzungsherichte of the Prussian Academy of Sciences, 

Berlin 

12. Sitzungsherichte of the Academy of Sciences, Vienna, 

Austria. 

13. University of Pennsylvania, Philadelphia 

14. Museum Journal of the University of Philadelphia. 

15. Journal dc Physique and Radium of the Physical 

Society of Prance 

16. Publications of the Royal Canadian Institute. 

17. Technological and Scientific papers and Circulars oE 

the Bureau of Standards. 

18. University of Iowa. 
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19 University of Calcutta 

20. Calcutta Mathematical Society 

21. Government of India. 

22 Government of Bengal 

28 Government of Mysore 

2-t. University of Bombay. 

25. Government of Bombay. 

26. University of Allahabad 

27. University of Punjab 

28. Agricultural Research Institute, Pusa. 

29 Asiatic Society of Bengal. 

30. Indian Institute of Science, Bangalore. 

31 Editor, Indian Engineering 

The Committee of Management express their grateful 
thanks to Rai Chumlal Bose Bahadur, C.I.E, I.SO., MB, 
F.C.S., etc, who has kindly expressed his willingness to 
present the Journal of the Chemical Society, London, to our 
Association. Several numbers have already been received by 
the Association 

The thanks of the Association are due to the Editors of 
the jE nglishman and the Indian Daily News for gratuitously 
supplying to the library of the Association their widely circu¬ 
lated daily newspapers and publishing in their columns the 
daily Meteorological reports of this Institution. 

Workshop . 

During the year under review a large Universal 
Cincinnati-Milling Machine and a 4 H P. motor have been 
purchased for the equipment of the Workshop. The mecha¬ 
nics turned out the following apparatus during the year — 

L. Iron cross tubes for scattering experiments. 

2 Brass caps to fit the ends of the cross tube, air-tight 

with glass windows. 

3 Gunmetal-casting cube for scattering of gas nt high 

pressure. 
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4 Eagle-mounting for 13 ft radius concave grating 

5 2nd iron cross tubes of 3" diameter with brass 

nozzles for glass windows 

C. One divided circle for fitting up nicol and double 
image prism. 

7 One lead-sheet covered box for X-ray tube with slit 
and windows 

8. Four'aluminium triangles for chemical work. 

9 Two rheostats for use with accumulators. 

10 One iron screw cap with nozzle for piezometer 

11. Fitting up one constant deviation spectroscope from 

different parts purchased 

12. Making and fitting a constant deviation drum for the 

above. 

13 One conical brass tube for Balopticon projector. 

14 Fitting up one polanmeter from different parts 

purchased 

15 finishing and fitting up of four pieces of brass screws 

in iron chairs for adjustable stools 
1(5. Two galvanised iron buckets for garden 
17 One brass tube for liquid air experiments 
lb. Making and fitting up of five cross tubes of differ¬ 
ent angles with zinc nozzles for glass windows 
for scattering experiments 

Purchase of Instruments. 

The following instruments a ere purchased during the 
year :— 

1 One big quartz spectrograph. 

2 One infra-red spectrometer with thermopile and rock- 

salt prism. 

3. One 13 ft radius concave grating 

4. One big electromagnet for obtaining fields up to 

40,000 Gauss. 

6. Three 10" induction coils. 
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6. Three mercury interrupters, Butt’s standard type. 

7 One Nutting photometer. 

8. One Pulfrich refractometer. 

9. One constant deviation spectroscope 

10. One Bayleigh refractometer. 

11. One polarimeter » 

12. One pointolite with resistance and extra lamps 

13. 2 dozs. X-Bay tubes with accessories and rectifiers. 

14. One portable resistance with switchboard and 

ammeter for X-ray coils. 

15 One oxygen cylinder with reducing valve and 
pressure gauge. 

16. One C0 2 cylinder with reducing valve and pressure 

gauge. 

17. Microscopical accessories for the Botanical Labo¬ 

ratory 


Financial Position. 

On the 31st December 1922 the Association had in the 
custody of the Imperial Bank of India, Government securities of 
the value of Bs 2,30,400-0-0 for the general fund, Bs 6,000-0-0 
for the Bipon Professorship fund, Bs. 500-0-0 for the 
Nikunja Gnrabim Medal fund, a floating balance m the bank 
of Bs. 3,349-5-6, and cash balance in the office of Bs. 241 4-6, 
amounting in all to 11s 2,40,490-10-0. 

The assets of the Association as shown in its balance 
sheet on the 31st December, 23, amounted to Bs. 3,83,408-2-4, 
on account of the general fund and 11s. 68,601-5-0 on account 
of special funds totalling to Bs 4,52,009-7-4. 

On the 3lBt December 1921 the Association had in custody 
of Imperial Bank of India, Government securities of the value 
of Bs. 2,30,400-0-0 for the general fund, Bs. 6,000-0-0 for the 
Bipon Professorship fund, Bs. 500-0-0 for the Nikunja 
Garabini Medal fund, a floating balance in the bank of 
Bs. 7,274-5-6, and a cash balance in the office of Bs. 180-14-0, 
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amounting in all Rs. 2,44,355-3-6. The floating balance in 
the bank on 31st December 1921 included the special donations 
of Rs. 3,000 and Rs 2,000 respectively earmarked for 
purchase of instruments and equipment, received in 1921 
and expended in the following year 

The assets of the Association as shown in its balance 
sheet on the 31st December 1921 amounted to Rs 3,77,079-1-7 
on account of general fund, and Rs 65,837-14-1 on account of 
special funds, totalling to Rs 4,42,917-15-8 

The increased assets during the year under report were 
mainly under the following heads — 

Its a . P. 

1. Scientific Instruments . 4,314 15 9 

2. Botanical Instruments 1,203 1 9 

3. Books and Journals for Library 1,815 3 0 

4. Addition to Workshop Equipment 4,700 15 9 

Government securities for Rs, 2,000 were also 
purchased for the Association early in December 1922 The 
transaction however appeared in the Bank’s accounts for Janu¬ 
ary 1923, and will therefore be included in the report for 1923. 

The thanks of the Association arc due to His Highness 
the Maharaja of Cooch-Behar, G O.I E,, etc , for his generous 
contribution of Rs. 100 per month in aid of the establishment 
of a permanent professorship and also to the following members 
who arc kind enough to continue their annual subscriptions 

1. Raja Peary Mohan Mukerjee, C.S I., M A , B L. 

2. Babu Nirmal Chandra Chander, M.A , B L. 

A special donation of Rs. 1,000 was received from the 
Vizianagram Snmsthanam for equipping the laboratory, etc., 
for which the Committee of Management offers its grateful 
acknowledgment. 

Acknowledgment. 

The thanks of the Association are due to their Honorary 
Engineers Rai Krishna Chandra Banerji, and Babu Bhnbadev 
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Chatterjee, to their Honorary Legal Advisers Babus Jatindra 
Chandra Bose and Nirmal Chandra Chander, to their Honorary 
Auditor, Babu Ishan Chandra Bose, to their Honorary 
Librarian l)r Kasilc Lai Datta, to their Honorary Secretary, 
Prof. C V. Human, and to their Honorary Assistant Secre¬ 
taries Babus Jyotish Chandra Pal and Ashutosh Dey for their 
gratuitous services. 


Obituary. 

During the year under report the Association has to 
mourn the loss by death of two of its members who took 
a lively interest m its cause, Mr E W Yredenburgh, who 
was a member and took an active part m its scientific 
meetings and Rai Badha Churn Pal Bahadur who was a 
Trustee and a member of the Committee of Management for 
the last 16 years 

Though not occurring in the year under review the 
Committee have recorded their deepest sense of sorrow at the 
great loss they have sustained by the death of our President 
Raja Peary Mohan Mookerjee Bahadur who was one of our 
life members, president and a trustee. He took real interest 
for the welfare of the Association and substantially helped it 
with a subscription of Us. 300 per annum. His loss will be 
severely felt for many years to come The Association has 
recorded in a special general meeting its deep debt of grati¬ 
tude to the revered memory of the late Raja Peary Mohan 
Mookerjee and a copy of the resolution was sent to his son 
Kumar Bhupendra Rath Mookerjee to convey their condo* 
lence to the bereaved family. 
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BALANCE SHEET 


2Pr. Balance Sheet as on 



Rs 

A 

p 

To Government Securities per cent General fund ■ 

2, ‘30,400 

0 

0 

„ ,, Ripnn ProfoHsoiship fund 

6,000 

0 

0 

,, „ Nikunja Garabini fund 

500 

0 

0 

Value of land and old building 

31,680 

11 

9 

Lectuie Hall and Galleiy 

23,465 

5 

3 

Vizi anagram Laboratory 

40,900 

14 

0 

Range of shops (East side) 

2,516 

10 

9 

Range of shops (West side) 

2,308 

5 

0 

Dm wan’s Room 

303 

13 

9 

Servants’ quaiteis 

1,024 

0 

0 

Observatory 

3,110 

3 

3 

Bonus, Provident fund 

1,922 

0 

0 

Contribution lo Piovalent fund account 

1,803 

3 

1 

Scientific Instiumont account General fund 

41,610 

13 

R 

, „ K K. Tagore fund 

25,000 

0 

0 

Botanical Instrument account 

2,329 

fi 

0 

Libi ary account ■ 

23,508 

8 

4 

Tools and Implements account 

161 

12 

3 

Woikshop Instiument account 

9,592 

2 

3 

Sir Richard Temple Pn/e account 

245 

0 

0 

Floating Balance in the Imperial Bank on the .list 




December 1922 

3,349 

5 

0 

Cash in Office, on the 31st Decembei 1922 

241 

4 



4,52,009 7 4 

Certified that the aoconnte for the year 1039 hare been audited 
ud found corroot. 

(Sd) I C DOSE, 

Honorary Auditor 
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the Slat December 1922. 



Rs 

A 

p. 

General fund 

3,83,408 

2 

4 

Ripon Professorship fund 

10,830 

0 

0 

H H The Maharaja of Cooch-Behar Professorship 




fund 

21,210 

0 

0 

Haio ProfesfiOiRhip fund 

1,025 

0 

0 

Victona Professorship fund 

1,000 

0 

0 

Dr Sircar Memoiml fund 

9,621 

0 

3 

Deposit account 

046 

14 

0 

Vi/uanagruin fund account 

910 

0 

0 

Piovident fund account 

2,956 

o 


Medal fund, Woodbmn 

500 

0 

0 

„ „ Dr Malieridralal Su c/u 

3,000 

0 

0 

„ ,, .Toykissen Mnkeiji 

9,339 

0 

0 

,, ,, Nikunja Gariibuu 

500 

0 

0 

,, „ Jatindia Chandra 

550 

0 

0 

Interest account Dr M L Suoar Medal fund 

420 

0 

0 

,, , Ripon Professorship fund 

5,718 

0 

3 

„ ,, Nikunja Gambmi fund 

178 

13 

2 

„ ,, Wood-bin n Medal fund 

89 

0 

0 

„ ,, .1 at India Chandi a Pri/e fund 

77 

7 

0 


4,52,009 7 4 

(Sd) C V RAMAN, 

Honorary 8tcr §(ary m 
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RECEIPT AND EXPENDITURE 


Receipt and Expenditure during the 


To Subscription account 
Rent from Bliops 

H H The Maharaja of Cooch-Behar Professorship 
fund 

MiscollaneouH accpunt 
Interest account, General fund 
,, Ripnn Prof fund 

„ Nikunja Garabim fund 

„ Jatindra Chandra Prize fund 

,, Woodbiun fund 

„ Dr Sircar lteseaj ch Medal fund 

Fees from students 

Scientific Infitiument (TransfeiTcd Enfry) 

Bulletins Hold account 
Provident fnnd account 
Old Material Bold account 
Di Sncar Mcmon&l fund 
Deposit from students 
Vi/ianagiam fund account 
Suspense account 

Floating Balance in the Impenal Bank on fist 
December 1921 

Caflh in Office, on 31st Deeembei 1922 


Rs A V 

598 0 0 
3,660 0 0 

1,200 0 0 
238 11 3 
7,909 7 4 
190 0 0 
17 8 0 

19 4 0 
17 8 0 

105 0 0 
16,192 0 0 
3,005 0 0 
31 9 0 
707 15 6 
22 0 0 
013 0 0 
295 0 0 
1,000 0 0 
719 5 3 

7,274 5 0 
180 14 0 


44,016 7 10 

Certified that the to counts for tho your 1922, hay# boon audited 
fpund oorroot. 


(Sd.) I 0 BOSE, 

Himornvy Auditor 
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year ending Hint December 1992. 



R s 

A 

p. 

By Commission account General fund 

21 

'l 

0 

,, Ripon Prof fund 

l 

6 

0 

,, Nikun]a Garubim Fund ■ 

0 

3 

0 

Contribution of Provident fund 

220 

11 

0 

Building Repairs account 

135 

9 

b 

Cooch-Behar Piof fund account 

bOO 

0 

0 

Physics Research Scholarship account 

550 

0 

0 

Chemistry Research Scholarship account 

150 

0 

0 

Scientific Instrument account General fund 

5,851 

5 

9 

Municipal Tax account 

1,757 

6 

0 

Gas account 

5H2 

1 

b 

Electric aocoun t 

H28 

1 

b 

Provident fund account 

250 

0 

0 

Wotksliop Petty chaiges account 

151 

4 

0 

Postage stamp account 

17H 

12 

9 

Jhinting chaigea 

I,.142 

4 

9 

Laboratory cliaiges account 

3,279 

15 

9 

Library account 

2,050 

8 

0 

Furniture account 

8b4 

n 

0 

Klectnc Installation account 

52 

8 

0 

Deposit account 

160 

0 

0 

Charges Geneial account 

672 

10 

b 

Botany Class account 

2,495 

0 

3 

Establishment account 

9,021 

1 

0 

Workshop Instrument account 

7,764 

15 

9 

Botany Instrument account 

1,203 

1 

9 

Miscellaneous account 

5 

4 

7 

Suspense account 

59 

0 

0 

Vizianagram fund account 

fJO 

0 

0 

Woodburn fund Interest account 

105 

0 

0 

Observatory account 

Floating Balance in the Impel lal Bank on 31st 

9 

12 

0 

December 1922 

3,349 

5 

6 

Cash m Office on the 31st December 1922 

241 

i 

6 


44,016 

7 

10 

(Sd) C 

V RAMAN, 


Honorary Sacntary, 




XI. Electromagnetic Theory of the Scattering 
of Light in Fluids—Paper B. 


By 

K R. Ramanathan, MA., I) Sc., 

Assistant Lecturer m Physics, University College, Uangoon 

• Introduction 

In a previous paper, 1 the author has worked out a theory 
of the scattering of light in fluids both for the case when 
the medium is composed of isotropic molecules and when it 
is composed of simple anisotropic molecules uith random 
orientation. Since writing the above, there have appeared 
articles of great interest by Dr. Cab nines 8 3 and Prof. L V. 
King 4 dealing with the same subject Some of the arguments 
and conclusions of these investigators appear to me to be 
open to question, and in order to clear up the malter, it 
seems desirable to set forth in somewhat greater detail certain 
parts of my aforesaid paper. Moreover, it has been pointed 
out to me by Prof Raman that there is an error in my 
investigation of the case of anisotropio molecules which makes 
it necessary to revise some of the calculations given there 
It is proposed in the first part of this paper to discuss the 
case of anisotropic molecules more fully with the necessary 
corrections put in and compare the theoretical results with 
experimental data, and in the Becond and third parts to 
review and discuss the theories put forward by Cabannes and 
King. 

1 t*roc Ind Assoo for the Cultivation of Science, Vol VIII, pp 122 We shall rofei 
to (Ml paper in tire sequel as Paper A 

1 Journal de Physique , Sor Vf, Tomo III, pp 420 442 (1022) 

1 Comptos Rendus ; Tome 175, p 875 
* Nature, May 10, 1023 
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I. Scattering by a Fluid composed of Anisotropic Molecules 

It was shown in Paper A that when a fluid medium of 
any density is composed of isotropic molecules, the intensity 
of scattering in any direction is given by the Einstein- 
Smoluchowski formula when in addition to the external field 
wo take into account the polarisation field due to the neigh¬ 
bouring molecules. If the external field be parallel to Oj 
and of intensity z, then the resultant field is also parallel to 
Oj and is of intensity Z(K„ + 2)/3, K„ itself being given by 
the well-known relation 


Evon when the molecules are anisotropic, the resultant 
field is still given by Z(K 0 + 2)/.J provided the molecules are 
oriented at random. In this case, however, K n is given by 

K n —1 _4w n ( A + tf + C \ i 
K„+‘2~.i °\ ~ .i ; 

To get the intensity of light scattered in any direction 
from a unit of volume, we have to add together the contribu¬ 
tions irom all the molecules contained in it, due legard being 
paid to the phases of the waves scattered In the caso of 
isotropic molecules, the induced moments are all parallel to 
the external field and the direction of vibration in the 
scattered light is parallel to that in the incident With 
anisotropic molecules, however, the directions of the induced 
moments are fixed in each molecule and the scattered light 
has in general also vibrations perpendicular to those in the 
incident light. In a medium composed of anisotropic 
molecules, the scattering can be supposed to arise out of two 
causes, one arising from the density fluctuations such as is 
contemplated in Einstein’s theory and the other from the 
random character of the orientations of the anisotropic 
molecules. 


1 The notation of Paper A ib used, 
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We may divide the volume of fluid illuminated by the 
incident light into a large number of equal elementary 
volumes Sv, the linear dimensions of each of which are small 
compared with the wave-length of light m the medium, but 
yet so large compared with the size of a molecule that the 
fluctuations of density in one element may be independent 
of those in the neighbouring elements. Let us consider one 
of these elements with its centre at o In order to get the 
intensity at any instant of the light scatteied from we 
have to square the algobraical sum of the components of 
the electric vector from the different molecules, and to get 
the avovage intensity over a finite interval of time, we have 
to calculate the average value of this quantity in a large 
numbei of independent trials m each of which the closeness 
of packing of the molecules and their orientations are re¬ 
distributed according to the principles of statistical mechanics. 
If the incident light he plane-polarised with the electric 
vector z parallel to oz and the direction of propagation he 
0.r, then at a point r on the y-axis distant r from o, the 
^-component of the electiic vector due to scattering from 
a molecule at o is given hy 

( 1 J 

where 

M,=Z^ )[«.. 0 coh 0 cos i^(0—A cos’</>—H mid'i/i) 

+ (A —B) sin 8 sin i/f sin (j> cos 

and 8 <f>, ifr are the Eulerian angles defining the orientation 
of the principal axes of the molecule 

Erom all the molecules contained in the value is 



Since 8u contains a large number of molecules with their 
orientations at random, would in general be small, 



184 


K. R. RAMANATHAN 


since positive and negative values of m, are equally probable. 
But it is also possible the values of m, are all positive or all 
negative, or that the sum of all the positive values is just 
equal to the sum of all the negative values. These are 
extreme cases; at any trial, there would in general be a 
slight excess of the sum of all the positive values over the 
negative And vice versa Thus, although In a large number 
of trials, §M, would be zero, would not be. As the 

Inte Lord Rayleigh 1 has shown, when the value of M. is as 
often positive as negative, 

(2M a )’=nM,“ r 8o 

where » * u is the number of molecules contained in 8» The 
average expectation of x' 1 from ^ is thus 



where/^(A’+B' + C-AB-BC- OA) 

When we take the average effect over a finite volume V, 



The ^-component of the electric vector at P in the wave 
scattered from a molecule at O is * 



where J j b = Ceos 1 Q + Bsin ■Gain 1 </> + Asm 1 Gcoa 1 0 
1 Theory of Sonnd, Vol T, p 90 

1 In paper A, the square of this expression multiplied by n'fiu 1 was taken to represent 
the intensity of the light scattered from all the molecules oon tamed VX lu This Ii 
erroneous, since a part of L a , namely that arising from the anisotropy of tbo molecule 
varies from molecule to molecule 
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and A is the value appropriate to the density in Su The 
value of L, averaged over all orientations is (A+B+C)/, and 
the above expression can he written 

sWX-*?* 0 + ('- a+ " 3 ±c )] 

The square of the ^component of the electric vector 
from all the molecules contained in is therefore 

& 151 (~r)’[(-?- 

+ { 5 (.,-*±£±° + )( A - + 3- t0 )}] 

The third term is zero when averaged over all orienta¬ 
tions In the second term, L» — —varies from molecule 

to molecule and may either he positive or negative, the 
average value over a large number of molecules with all 
possible orientations being zero. In such a case 

[ 5 ( L.-AiJHC )]■„,. [ t - + ( A±B±C)- 

-ar. ( *+ b ±« )]-.«. p 

becauau 

L7' = iV( 3 A' + 3B’ +3C’ + 2AB + 2BC + 20A) 

and 

L>(A+B + 0)/3 

The first term varies from one volume element to another 
owing to the fluctuations of density and the attendant fluc¬ 
tuations of dielectric constant, and as in the case of isotropio 
molecules (Sep. 3 of paper A), the expectation of the square 
of the g-oomponent in the light scattered from arising out 
of this cause is 

&*■()’(^)>?** ' 
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The total value of Z 1 ’ from a volume V is therefore 

U z ’( ■’? M( L T-° )'»+*] 


( 2 ) 


where 

-T”.( V 2 )' 

The ratio of the weak component to the strong in the 
light scattered along Oy is 


ii “' r( *+®±°-)'+i/ 

When the incident light is unpolarised, the ratio is 


>= _ 2 f _ 

/ A+B + C \' 7, (31 

H. “ )*i’ 

When the substance is in the form of a vapour so rare 
as to obey Boyle’s law, this becomes 


2 / 


(^r- c ) +5/ 


Denoting this by r, and 


substituting 


the values 


.A+B+C 

of -3 - 


and f in terms of the constants of the medium , 1 the above 
becomes 


gy i 

y(t> —7r,) + 7r, 


6—7r ~6— 7i, 


(4) 


The intensity of the transversely scattered light from a 
volume V at a distance r large compared with the linear 
dimensions of V is 




1 Page 17 of Paper A 
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Substituting r, by r and introducing I„ tho intensity oF 
the incident unpolarised light, this becomes 



1HNA* 


(*„-!)■ (*.+«)■( «+?')} 


(5) 


- the same expression as was first proposed by Prof 

llaman 1 from general considerations to represent the scatter¬ 
ing of light in liquids 

In a direction making an angle x with the incident light, 
the intensity is easily seen to be 



t'HT/J 

1HNA* 


(*„-!)■<* „ + 2 )' 


0 — 61 
(1^7 r 


(l + co^ J x) + 


12 r_ 
(i — 71 


S] 


( 6 ) 


and the coefficient of extinction becomes 


By' RT/3., 
27 N\‘ fr 


+ \ J±» j 


Comparison with Experiment 

Prof. Raman and Mr Seshagin Rao * have compared the 
experimental values of the intensity of light transversely 
scattered by a number of liquids at the ordinary temperature 
with the values calculated according to (5), and shown that 
there is satisfactory agreement between the two except in 
the case oE carbon disulphide which shows a very large de¬ 
polarisation In table I are included these values and also 
the values obtained by Messrs Martin 1 and Lehrman. To 
reduce the two sets of values to the same standard, the 
intensities of scattering for ether have been assumed to bo 
the same 


L “Moleoulai Diffraction o( Light/’ p 58, and G V Raman and K Seshagiri Roo, Phil* 
Mag, March 1923 

1 Phil Mag , March 1923. 

1 Journ Phya. Chemistry, Vol. 20, pp 75 88 (1922) 
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Table I.—Intensity of transversely scatteied light in liquids. 

The intensities are expressed in terms of that of the 
polarised scattering of air at N T. F. 


Liquid, 

H 

r __ Weak Ooinponent 
Strong Component 
(per cent) 

Intensity 

(calculated) 

Intensity 

(obaeivod) 

Author 


■ 

11 A R 

M A L 

Adopted 




Water 

30° 

12 C 


11 0 

159 

166 

n & r * 




6 7 



165 

M A L a 

Ether 

3U° 

B 3 


9 0 

930 

660 

BAR 




10 0 



860 

UAL 

(■gaumed) 

Methyl Alcohol 

30° 

15 1 


11 0 

612 

405 

1UH 




7 l 



462 

M A L 

Ethyl Alcohol 

30P 

13 0 


■ v 

606 


R&R 




7 8 



485 

UAL 

n—Propyl alcohol 

lB a 


H 5 

BS 

546 

630 

UAL 

Iso-butyl Alcohol 

IB 6 


3 5 

8 5 

610 

670 

M A L 

Iso-amyl Aloohol 




9 0 

696 

122 

M A L 

n —Hexane 


* 

10 

10 

835 i 

069 

UAL 

Cyolo-herane 

■ 


fl 

H 

816 

750 

UAL 

Benzene 

30 n 

1 


48 0 


3,135 

il 4 B 




46 5 



2,477 

UAL 

Toluene 

30° 

■39 


40 0 

4,170 

2,970 

BAR 




40 0 



2,804 

UAL 

Chloro-bonzene 

• 

• 

64 

. 


3,S35 

UAL 

OB, 

30° 

70 


1l 0 

fl 


R AR 




71 0 



10 050 

M AL 


1 B A a , C V Raman and K B. Raa 
■ M. A L W. H. Maxtle and I, MmtD. 
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The last four liquids which have a large depolarisation 
show a scattering power lower than that calculated 

In table II, the polarisation of the transversely scattered 
light in a number of liquids is calculated from the correspond¬ 
ing values in their vapours accoi ding to (4) and the results 
compared with experiment 


Table IT 


Weak ConipoiiHiit , . v 

- „ *-— — (nor c pul ) 

Strong CumpuneiiL 


Hubs Iance 



Vn pour 

Liquid ufc 3(fC 
(calculated) 

i 

J Liquid nt 30°0 
(observed) 

Ether 

3 0 

i 

2(5 7 

9 0 

'Benzene 

f> 5 

50 4 

- 48 

CS B 

12 0 

- 

72 

CHCl a 

3 0 

26 

15 

CCI* 

3 1 

37 

1_____ 

11 


Except in the the case of benzene, the calculated values show 
no agreement with the observed ones With carbon disul¬ 
phide, the observed value is higher than the calculated, while 
with the others, it is lower. ThiB disagreement between 
observation and theory seems to show that the molecules 
in a liquid are not oriented at random We should, however, 
still have expected the observed intensities to agree with 
the calculated, provided we make use of the observed values 
of the imperfection of polarisation Although there is a 
good agreement for liquids showing a moderate depolarisation, 
it is no longer so for liquids showing strong depolarisation. 
It iB remarkable that for these liquids, the observed intensities 
are smaller than the calculated ones. 

2 
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Dependence of the polarisation of the scattered light on 

ware-length. 

The question whether there is nny change in the polarisa¬ 
tion of the scattered light when the wave-length is altered 
is one of considerable interest. Experiments with ordinary 
gases in the visible region of the spectrum do not show any 
effect but by reason of their greater depolarisation, liquids 
may show the effect, which would, however, depend not only 
on the anisotropy of the molecule, but also on the dispersive 
power of the substance Equation (4) shows that even when 
r t remains constant, r would change with the wave-length, tbo 
value decreasing with decreasing wave-length, and if r, 
increases with decreasing wave-length (as wc might expect 
it to do for theoretical reasons), the two would act in opposite 
ways. Previous work in the laboratory of the Indian Associa¬ 
tion with dust-free carbon disulphide and benzene had failed 
to show any change of the imperfection of polarisation with 
wave-length. Cabannes in his recont paper has obtained an 
effect with carbon disulphide, getting 6G per cent with red 
light and SO per cent, with blue. The experiments have 
been repeated by the author with the following liquids 
repeatedly distilled in vacuo, carbon disulphide, benzene, 
toluene, ethyl ether, ethyl alcohol and water ; none of them 
show a distinct change of r with wave-length. Strong sun¬ 
light wns used for illuminating the liquids and colour filters 
for transmitting definite regions of the spectrum—cupram- 
monium for the blue and Wratten filters for the green and 
the red. With carbon disulphide, the imperfection was 
found to be 72 per cent, for white light and practically the 
same with the different colour filters. At any rate, the values 
lie between 70 and 75 per cent. The value for benzene was 
48 per cent., for toluene 50 per cent, and for ether 9 per cent, 
In the case of alcohol and water, a difference between the 
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values lias been previously lecorded* when different colour 
filters are introduced in the path of the incident light, but 
a closer examination shows that this is not the effect sought 
for, but is due to the presence of a trace of fluorescence 
This is made quite evident when the colour filters are trans¬ 
ferred from the path of the incident beam to that of 
the scattered The following tables give the values of the 
depolarisation 


Table I If.—Ethyl Alcohol. 



1 

! VVuak ConiLHiiimt , . . 

i -.—- r ~ (nor cent) 


strong l oirijjoiiont 



lied 

j. 1 

| Oiocn 

Blue 

Filtei in incident beam 

H 0 

7 7 

15 0 

Filtei in Neattcicd bcu.111 

11 2 

10 2 

10 5 


The value with no filter was 10 2 per cent 


Table IT .— Water. 

(Repeatedly distilled in vacuo in pyrex glass bull).) 



i 

1 Weak Component , , . 

-—— -(uer cent ) 


Stiong Coinjioneni 



Red 

(iiccn 

Blue 

Filter in incident beam 

10 0 

10 0 

17'5 

Filter in Hcftttorcd beam 

10 2 

10 8 

11 0 


1 0 V, Roman, ‘Molecular Diffraction of Light, 1 p G.j , bcc also C, V Raman and 
K, Seehugirl Rio, Phil. Mag , MnrLh, 1023 
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The value with no filter was 10 8 por cent The origin 
of the fluorescence has not yet been definitely ascertained. 
The alcohol used was the purest obtainable and it was distilled 
by cooling the condensing bulb with ice, keeping the other 
bulb slightly above the room temperature. As for the water, 
a specimen which had already been distilled over alkaline 
permanganate was used in the distillation bulbs (made of 
pyrex glass) and the distillations in vacuo were carried out 
very slowly. In spite of many re-distillations, the effect 
remained practically undiminislied 

II. Cabannes’a Theory. 

The theory of scattering developed by Cabannes, though 
in some respects similar to the above, yet differs from it in 
certain fundamental points In calculating the effect due to 
the neighbouring molecules, Cabannes follows the usual 
method (following Lorentz) of describing a sphere of radius 
R (small in comparison with the wave-length, but large 
compared with the linear dimensions of a molecule) about O, 
and considering the field at O to be made up with (wo parts, 
(I) the external field plus the field due to the molecules 
outside the sphere and (2) the field due to the polarisation 
of the molecules within the sphere Lorentz and Rayleigh have 
shown that for a cubical arrangement of isotropic molecules, 
(2j is zero. Cabannes considers that although in a sufficiently 
long time, the components X,, Y,, Z, of this field may cancel, 
they would at any instant, owing to the irregularities in the 
distribution of molecules, differ from zero, and the quantities 
X7*j Y~i\ Z7 would be finite To calculate these mean values, 
he takes the mean square of the components X,*, y 7’, z7‘ 
produced by a single molecule situated in all positions on the 
surface of a sphere of radius r and in all possible orientations 
and then sums up the effect for all the molecules contained 
between two spheres of radii d and R whero d is the shortest 
possible distance between the centres of two neighbouring 
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molecules On making the nect\ssarv calculations with the 
implicit assumption that each moloculo scatters independently, 
he arrives at a formula for the imperfection of polarisation of 
the transversely scattered light from which it appeals that 
even when the molecules of a medium aie isotropic, there would 
be an imperfection of polarisation which would disappear when 
the density is voiy small, hut wh'ch would increase with 
increasing density Tie also obtains a relation between 
imperfection of polarisation in a liquid and its vapour in terms 
of the refractivity of the substance and the smallest possible 
distance between two molecules in the liquid state. 

In adding the effects of the different molecules, Cahannes 
adds the squares of the electric intensities, thus assuming 
independence of phase between the radiations scattered by the 
different molecules—an assumption obviously invalid. The 
calculation of X, 1 , YV\ also seems to be in error. It is 
true that in the case of a liquid, when we go down to the 
individual molecule, the actual field to which it is subject 
would vary from molecule to molecule, being in part 
dependent on the positions and orientations of the neighbour¬ 
ing molecules The residual effect may be looked upon as 
due to the fluctuations from the cubical arrangement, and 
the exact magnitude of the fluctuations is not easy to 
calculate, hut the scattering due to this cause may be expected 
to be small. .For, consider a doublet at P with its axis 
parallel to OX. The electric intensity due to this will diminish 

as * so that beyond a distance of a few molecular diameters 

from P, the intensity will be negligible. The space surround¬ 
ing the doublet cun be divided into two regions such that tho 
x component of the flux of intensify in one is positive while 
that in the other is negative These two regions always 
accompany each olher and since the volume over which the 
intensity duo to the doublet is sensible is small compared with a 
wave-length cube, we have to add together the electric intensities 
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of the scattered waves from (lie different molecules in tins 
small volume This sum will be of the second Older of small 
quantities unless there is great asymmetiy of distribution 
round P. The same remarks hold for the y and z components 
Cabannes’s method of calculation is tantamount to assuming 
that the positions of the molecules are perfectly random 

In lus second paper, Gabannes has adapted Einstein’s 
result to the general case of an isotropic fluid composed of 
anisotropic molecules by multiplying Einstein’s expression for 
scattering by a factor derived from his own previous investi¬ 
gation In view of the objections set forth above, this result 
also cannot be considered as acceptable 

Comparing Cabannes’s theoretical results with experiment, 
it is not true that liquids have always a larger imperfection 
of polansation than their vapours at low densities. As the 
temperature of liquid is raised, the imperfection of polarisation 
gets smaller and smaller and may reach a value much lower 
than that for the lare vapour. Experiments on benzene by 
the author 1 and by Martin and Lehrmnn 2 and on carbon 
dioxide by llaman and the author ’ furnish numerous 
instances of this In the case of saturated vapour, an increase 
of density is accompanied by a diminution of the imperfection 
of polarisation. 

Cabannes has deduced the smallest possible distance 
between the centres of two molecules in a liquid from the 
depolarizations in the liquid and vapour states The values 
obtained are much too small. For, example, in benzene, the 
smallest distanco is calculated to bo 2 2 A U, while the 
average distance 4 calculated from the density of the liquid 
on the hypothesis of a close packing of spherical molecules 
is 71 A. U. 


1 Ph}aicnl Review, 21, p 564 (1023). 

1 Journ rhjs Clieminln , Juno 1023, pp 5.18 564 
1 Jn tunrso or publ cation 
4 Jenna, Dynamical Theory of Gaaea. 
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III, Kmg'a Theory. 

Prof King’s extension of the theory of scattering to media 
composed of complex anisotropic molecules is of considerable 
interest With regard to scattering by liquids, he considers 
that equally probable orientations of complex anisotropic 
molecules would result in the transversely scattered light 
being completely polarised As wo have seen in Part I, this 
is not true The incompleteness of polarisation of the 
scattered light cannot, therefore, servo as a basis for the con¬ 
clusion that liquids have a fine-grained crystalline structure. 

In deriving his formula for the intensity of the scattered 
light m a direction 0 with the incident beam, vis , 


VI 




C>-7p 


RTa(j , l^/> 
N l + 1 + P 


cov'd 




King has apparently neglected to take into account the fluc¬ 
tuations of the polarisation field consequent upon the fluc¬ 
tuations of density. His formula therefore does not reduce 
to Einstein’s in the case when the transversely scattered light 
is completely polarised Again, it is not clear why King 
has used a >the adiabatic compressibility instead of the isother¬ 
mal compressibility. Tho compressibility is introduced in 
finding the work done m changing the actual density at some 
volume element to the mean density under the condition of 
ideal thermodynamic equilibrium Einstein’s investigation 1 
makes it quite clear that this work must be reckoned 
isothermally. 


Conclusion. 

Although the phenomena of molecular scattering do not 
furnish any definite evidence for the view that liquids possess 
a crystalline structure, the change of polarisation of a sub¬ 
stance from vapour to liquid seems to show that we cannot 

L Ann 0er Pliyaik, 33, 1275 (1010), aeo p 1281, 
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assume that the molecules have random orientations. As 
was suggested by Pi of. Hainan in a letter to Nature, 1 there 
may be temporary groupings of molecules in a liquid having 
a higher degree of symmetry than the individual molecule 
As already mentioned, with many liquids although the cal¬ 
culated values of the imperfection of polarisation arc larger 
than the observed, the calculated intensities agree with the 
observed values this can bo explained by the assumption 
of such loose molecular groupings as Prof Raman has 
suggested The presence of these would not appreciably 
affect the refractivity and so long as their linear dimensions 
are small compared with a wave length, they would play the 
same part as the same number of single molecules oriented 
at random, with the difference that the anisotropic scattering 
would be altered 


Summary 

1 The theory of scattenng by a fluid medium composed 
of anisotropic molecules in rnndom orientation developed in 
a previous paper is revised and new expressions for the 
intensity and polarisation of the scattered light and for the 
coefficient of extinction derived 

'With incident light unpolansed, the intensity of scat¬ 
tering in a direction making an angle x with the incident 
beam is 


i„v r **RT/? 

r* L I8NA 4 






12 r 1 
6 —7r 3 ' 


the polarisation of the transversely scattered light is 


_ V _ 

( A + B + C \\ 7, 

n —3 —) + s / 


1 Nature, March 31, 1923 Bee &Ibq Sir W El Bragg's note on the above, 
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and the coefficient of extinction 


Rtt 3 

27 


IWff 


[ §±J;} 


2. The theoretical results are compared with experiment. 
While there is good agreement between the observed and 
calculated ' r alucs of the intensity of scattering for liquids 
having molecules of moderate anisotropy, there is a marked 
disagreement in the case of liquids with strongly anisotropic 
molecules 

The values of the imperfection of polarisation of liquids 
calculated from the corresponding vapour values show consi¬ 
derable deviation from the experimental values. 

3. A reported change in the imperfection of polarisation 
of the transversely scattered light in carbon disulphide when 
the wave-length of the incident light is altered is not con¬ 
firmed. 

Some other liquids have also been examined and the 
effect has not been found m any of them Incidentally, it is 
shown that a change previously observed in the imperfection 
of polarisation with water and alcohol is due to the presenoe 
of a trace of fluorescence. 

4. An analysis is made of two recent papors by Cabannes 
on the theory of molecular scattering of light in fluids and 
it is shown that the assumption of independence of scattering 
by different molecules implicitly made therein and his cal¬ 
culation of the effect of local fields are not valid and that his 
theoretical conclusions are in disagreement with experiment, 

5. Some critical remarks are offered about King’s theory 
of scattering in liquids. It is pointed out that his assumption 
of a crystalline structure in liquids is unnecessary to account 
for the imperfection of polarisation of the transversely 
scattered light in liquids. Criticisms are also made regarding 
his formula for scattering. 

8 
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The presence of loose molecular groupings having a 
higher degree of symmetry than the individual molecule 
would explain the observed low value of the imperfection of 
polarisation of the scattered light in many liquids. 

The experimental observations contained in this paper 
were made at the Laboratory of the Indian Association for 
the Cultivation of Science My warmest thanks are due to 
Prof C V. Raman for Ins kind interest in the work and for 
his valuable advice. The error in my previous investigation 
was pointed out by linn 



XII. The Electron Theory of Solids and the 
Rigidity of Metals. 


Ur 

Dujigadas Baneiui, M Sc; , 

Lecturer on General Physics, 

University College of Science , Calcutta 

1 Introduction. 

Sir J J. Ihomson in papers published in the Phil. Mac; 

(April and October, 1922) has calculated the bulk modulus 
of elasticity of a number of metals in the solid state on the 
basis of the cubical atom model proposed by him, and he finds 
as the expression for the co-efficient of bulk-modulus (k), 
for the alkali metals 



where e is the electronic charge, a and M the density and 
atomic mass of the element respectively The ideas on which 
the calculations are made can generally be put in the 
following words.— 

(«) Eor a monovalent metal the number of electrons per 
atom is unity they are distributed at the corners of a cube 
constructed with the nucleus at the ccntie; the charges of 
the nucleus and the electron being E and e respectively, E is 
equal to e, in order that the atom may he electiically neutral. 
Eor di- and trivalent atoms the number of such disposable 
electrons is respectively twice and three times tho number 
of atoms, and further E being =2e for divalent and =3c 
for trivalent metals, the solid is kept electrically neutral. 

(b) The solid is built up of such cubical cells packed 
together to fill space and the different atoms and electrons 
composing the solid are kept in equilibrium by the joint 
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action of their mutual attractions and repulsions according to 
laws of force, (t) varying according to the inverse square 
and (ti) varying according to the inverse cube of the distance 
The question of the rigidity of the type of structure postula¬ 
ted by Sir J. J. Thomson arises naturally and does not appear to 
have been considered so faT. In the present paper an expression 
for the co-efficient of simple rigidity of such atomic structures 
is obtained for mono-, di-, and tri-valent metals and some of 
the results so obtained are compared with the experimentally 
determined values of the co-efficient It is assumed throughout 
this paper that the thermal motion of the electrons composing 
the atoms is nil, or in other words, the different atoms and 
electrons are fixed in their position in space, so that tho 
results obtained take no account of the temperature co-elTieient 
of the constants of rigidity of these elements 

The paper also describes special experiments mnde to 
determine the modulus of rigidity of the alkali metals sodium 
and potassium. 

2. Method of evaluating the co-efficient of ngtdity 
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In the classical theory, there are two WAys of regarding 
a shear (t) where the particles of the body are pushed forward 
by a tangential force as shown m Fig. 1 (the cube 1234 is 
strained into 1'234'), (ti) the other way is to consider it as 
an extension in one direction combined with an equal con¬ 
traction in a direction at right angles to the extension In 
the spacial distribution of electrons constituting the atoms 
of a solid metal, the electrons or nuclei occupy the corners 
of oubes Here the two methods of regarding a shear are 
identical, for what is shear of the former type for the cube 
1234, is shear of the latter type for the cube 1367, combined 
with a rotation of the sheared system through a finite angle 
This rotation as a rigid body will not involve any relative 
motion of the parts of the system and will not call into play 
any forces depending upon the elasticity of the system In 
both these types of shear the work done is stored up as the 
increase of potential energy of the sheared structure and is 
equal to JT0 or Ine* where T is the tangential stress or pull 
or push per unit area, n is the co-efficient of rigidity and e the 
angle of shear The increase of potential energy of any 
electron or nucleus such as 2 (Fig. 1) is obviously the contri¬ 
bution of a series of electrical doublets all directed in the 
direction of strain and situated at the corners of the 
undeformed cubes, such as shown in Fig. 1 by 11', 44', 66', etc 
The displacements below the datum plane nre oppositely 
directed to those above it. Thus the increase of potential 
energy for the electron 2 is to be obtained on evaluating 
JS'ft.. where ft,, is the potential at 2 of any doublet due to 
displacement of electron or nucleus at S. Similarly for a 
nucleus at 2 the increase of potential energy is to be obtained 
on evaluating . Generally the increase of potential 

energy per unit volume is to be obtained in the form 

w=m , +M‘+W + - 

where 4, 1, etc., are functions of e and d (the side of the 
cube). Since the force- is of the two types (*) the inverse 
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Rquaro and (»<) the inverse cube, and act in opposition for 
equilibrium «, . is of the form 

ft —I C OM </l ft COM Ip 

*‘~ J F a ~ r* _ 

where f as determined from the conditions for equilibiium 
= 1 825il ; 1 r is the distance of the doublet 2 from x, yi is the 
moment of the douolct, cos<£ is the cosine of the angle of 
inclination of 2S to the plane of the doublet and is expressible 



The method of calculation is to take the joint effect of 
the doublets on both sides of Ibe YZ plane. As nearly 
equipoised pairs of doublets A' ? & A\, A\ & A\, B 2 & B' 2 , leave 
a slight positive or negative balance, the calculation for the 
total contribution for any point 0 can be made by adding the 
effects of such pairs of doublets in the different layers and 
rows. Planes parallel to XYO being called rows, the plane 
XY is the first of the rows; planes parallel to XYO being 
called layers, ZYZ' is the first layer. 

> Phil. Mug , Vol 43, p. 733. 



The contributions for the differentia yers and rows are given by the following expressions 
The doublets nearest the plane OYB—such as A', B', C' L , etc , being taken singly and the rest in 
pairs. Only a few expressions are given here , the rest follow easily 

Inverse square law Inverse cube law 
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for the electrons and nuclei situated at the centres of the 
cubes, similar expressions are obtained by putting for x and 
'*for d in the expressions such as for B', B',', cto Thus for the 
nuclei at the centres of the cubes OA'.B^B’, nnd OA^B'.B',' 
the inverse square law gives 


d + a* d — x 

T ~i 



and the inverse cube law gives 


d+r 

2 


d — r 
2 


— I 


Kiy+mi’ Ksy+c^'V r 


x 2 


The sign befoie the last two expressions is to be reversed 
if the two cubes contain electrons instead of nuclei. Similar 
expressions hold good for the other pairs in succession. 

Assuming or 0 small enough so that powers higher than 

the square of e can be neglected, the above expressions can 
be simplified and the results are given in the appendix A. 
’I he successive figures in the vertical columns indicate the 
results of pairs taken in order, two every time on both Bides 
of the yz plane. All these results are for the doublets in 
quarter the whole strained structure, so that from the 
symmetry of the doublets if we take the moment of those in 
row 1 as instead of «,, the total increase in the potential 
energy of an electron or nucleus is twice as shewn by the 
figures with appropriate signs in the tables, the expression 

being |Se n 2 4 or In actual summation, as shewn in the 
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case of the alkali metals below, the contributions are mainly 
those due to_ the eight cubes meeting at the point, the rest 
add a Blight coireclion term and the contributions aie 
therefore taken so as to be correct to the first,decimal figure. 

3. Alkali Metals 

"For metals of this group, there is one electron for each 
atom, and further E = c Since all of these metals crystallize 
in the regular system the nuclei being situated at the centres 
of the small cubes, the electrons arc situated at the corners— 
one for each coiner As each corner is the meeting place of 
eight cubes, if we consider the effective electron charge for 
each cube, at any of the corners to be c/8, there being eight 
such corners For a cube, the total electronic charge is e 
for each cube which contains the nuclear charge E at its 
centre To calculate the increase of potential energy of an 
electron we find for the eight cubes meeting at 2 (Fig 1), 

for the inverse square law 

= 2(+0 1)00— 0 177 +0 351) 6 '\' 

= 1 351— 

it 

and for the inverse cube law 

JSen 2 g =4(0 500 + 0 250-0 2 r >0—0 071+0 

= 2 888 — f 

A few succeeding terms of the series obtained by adding 
a layer of one cube every time around these eight cubes are 

+ 0 173, + 0 085,-0 005,-0 017, 

d 

according to the inverse square and 

-0 023,-0 108,-0 088,+ 0 f 

11 

according to the inverse cube law of force, 

4 
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Correcting, therefore, the increase of potential energy 
per unit volume of N cubes (each e and E being reduced to 
^th its value for each corner of a cube), as given by 

it dt 


= t l*/’'' - J 2 —' ’ V 
tnv J ,i‘ a t 


The work of a shearing stress per unit volume^”#' 
where n is the co-efficient of rigidity 
Tims wo liave the equations, 



X(f'=l nm1 NM = a J 


Substituting the value of/ and N in ( t) 


we have. 


le’ 

02 ./ 



( 1 ) 


The following table shows the calculated values of n 
against those observed by the author, as described in the next 
section 

Table I 


Metal 

Calculated u 

Obherved )i 

d^nuspursq cm 

dynes pei sq cm. 

Lithium 

0 1-99 x 10 11 


Sodium 

0 218x10" 

0 192 x 10 11 

Potassium 

0 091x 10" 

0 058 x10’ 1 

Rubidium 

0 075x10" 

■ ■ 

CaeBium 

0 053x10" 
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I- Ji'jTppnmcntal confirmation 

The yro.it difficulty m tins determination oF the elastic 
constants of the alkali metals is the vigoious chemical action 
that takes place when these metals are exposed to the 
moistuie-ladeii atmosphere, sodium melts away while in the 
case of potassium the action is attended with fire Experi¬ 
ments are, therefore, to he made (?) in au inert atmosphere 
of pure mtiogcn or pure hydrogen, or as can he more easily 
he availed of in an atmosphere oE ether-vapour, completely 
dehydrated hy being previously treated with an excess of 
metallic sodium m a closed vessel, (u) hy dipping the metal 
in anhydrous keiosmo lu both''these processes the results 
are liable to consider ible error, hy llie admission of the 
slightest amount of the water vapour that may get access to 
the vessel, owing to formation of a thin crust of hydroxide on 
the surface of the metal wire Experiments of a preliminary 
nature were undertaken avoiding the above difficulties as 
far as possible, the necessary maiupul itive skill being 
acquired hy practice 

Sodium being diawn into a wire of 1 l mm diameter by 
pressing the metal through the nozzle of the sodium press, 
was at once transferred to the previously piepaied atmosphere 
of anhydrous ether-vapour in a tall glass cylinder closed 
by a ltd and the wire was subsequently hung from a toision 
head and a cylindrical weight oT known moment of inertia 
was fastened at the lower end of the wire. Gentle torsion 
could be applied by the head being twisted from outside and 
the period of the resulting oscillation, which lasted only for 
about a second, was measured by photographic registration 
of a spot of light reflected from a mirror attached to the 
inertia eylindor, along with the records' of a tuning fork of 
frequency (50 per sec Thus it was found that for a sodium 
wire of length 78 ems and radius 0 677 mms carrying a load 
of which the calculated moment of inertia was 13 2 units, 



208 


duhoadas danrrji 


the vibration period was 0‘25 second From the approximate 

formula »= t r r r whore h, k, l , r, t are the rigidity co-efficient, 

the moment of inertia of the weight, the length, the radius and 
the period of vibration of the wire respectively, n is calculated 
to be 1'92 x 10 l ° dynes per sq cm. which is closely in agree¬ 
ment with the theoretically calculated value. 

For potassium, the procedure adopted in the case of 
sodium could not be followed on account of its greater 
chemical activity. Accordingly, a heavy cylindrical weight of 
mass, about 230 grammes, was hung from a fine wive suspension 
so that the system when twisted had a period of vibration 7 
to 8 seconds. A short piece of potassium wire prepared as in 
the case of sodium was fixed to the lower end of this cylinder. 
The other end of the wire was fixed to a massivo weight 
resting at the bottom of a glass vessel filled with kerosme, 
so that the whole of the potassium wire was merged in tho 
oil. On being gently twisted, and released the system was 
found to vibrate for a short time with a period of about 
of a second, which was measured by the optical method of 
registration as before The result found for the co-cffioient 
of rigidity of potassium was fr8 X10° dynes per sq cm as 
against the calculated value 9 3 x 10® The discrepancy in tho 
results both for sodium and potassium is probably to he 
attributed to the error in the estimation of the mean radius 
of the wire. 

Experiments with other alkali metals have not yet been 
attempted. 

5. Copper Croup 

Although the elements of this group (copper, silver and 
gold) exhibit varying valency, they are generally considered 
to be related to the alkali metals in their monovalent charac¬ 
ter and the regular system in which they all crystallize 
But their case stands out different from tho structure of 
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monovalent elements given by Sir J J Thomson Applying 
the formula for the bulk modulus ( k ) to these metals the 
calculated values are much less than the observed values and 
so aro the calculated values of n Table 2 shews the cal¬ 
culated and observed values of k and n for copper, silver and 
gold. It will be observed that the calculated values are 
roughly about one-fourth the observed values The difficulty 
as regards these elements is obviated if the atomic stiucture is 
assumed to have twice the electronic charge and twice the 
nuclear charge instead of one as in the case of the alkali 
metals. On this assumption, the calculated and observed 
values shew abetter agreement (Table 2, columns ft-L, and 

0-7). 


Table II 


1 

i ! . 

4 


h 

7 

Element 

k 

Cftlc.rl.itod 
from Thom 
hoi/a fmmulft 
for tlic nlkftli 
me Inin , 

! 1 
j Culriil.itetl 

on Ihe 
daauniphnn 

E = e: 2t 

k 

Ob solved 

n 

Calculated 
from the 
formula fm 
Lho alkali 
met ill 

Tl 

C ill diluted 
on tho 
rihsuni ption 

E 2' ~ t 

n 

OIim iv e d 

Copper 

l 

3 OR * K) 11 

i 

i 1 A 74*10" 

1l 3 x 10 11 

1 13 x10' 1 

1 

| A r >2 x 10' 1 

A 55x10> 

Silver 

2 30 k in 11 

| 0 21 x 10" 

10 0 x10 l1 

C 72xio-> 

] 2 HR x 10 l 1 

2 R7x 10' 

Qulil 

2 tl xlO" 

9 01 x 10" 

10 5 x ]0 l 1 

0 71x 10' 1 

2 92 x It) 1 1 

2 77 x 10' 



l 

1 

12 >*10" 





1 The latter valuo is Hint fount! by Du chan an (Pmc Hoy Soc , 1004) 


6. Di-valent and Tri-valetit metals 
Aluminium 

A trivalcnt element when in a solid stuto must have three 
electrons for each atom And if it crystallises in the regular 
system each atom is to be surrounded by a rhombic dodecaliedra 
of electrons which, when packed together to fill space, are 
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equivalent to any one of the following .space lattice arrange¬ 
ments - 

1. Cubical cells—with the nuclei at the corners of the cell 1 
and also at the centre of its faces The electrons are situated 
at the middle points of the odges of the cell, at the centres of 
the 8 cubes into which the cell is divided by planes bisecting 
its edges at right angles One electron is placed at the centre 
of the cell This arrangement gives A atoms and 12 electrons 
per cell. 

2 Cubical cells—with nuclei at the middle points of 
the edges of the cell and one is at the centre of the cell 
The electrons are placed at the corners and the centres of 
the faces and at the centres of the 8 cubes into which the 
cell is divided by planes bisecting its edges at right angles 
This arrangement also gives 1 atoms and 12 electrons per 
cell. 

3 Cubical cells—in which the nuclei .ire situated at the 
centres of 4 small cubes, forming the corners of a regular 
tetrahedron The electrons are placed at the corners of tho 
large cell, the centres of its edges and at the centies of the 
small cubes not occupied by the nuclei and one is at the 
centre of the cell. This arrangement also gives 4 atoms and 
12 electrons per cell, of eight small cubes 

In order to calculate the cn-eflicient of ligidity the 
increase of potential energy per atom is calculated according 
to the method used in sections 2 and 3, by putting E = 3e 

Using arrangement (1) the increase of potential energy 
per electron due to doublets of shear in the eight small cubes 

£ 1 fJ 1 

is found to be +6 no - / due to the invoke cube law of force 
and +1 63 H according to the inverse square law 


1 A coll m used to denote n cubo »ith hidu 2>d and iu lomposod of R small ldIjls 
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Using arrangement (2) the corresponding increases of 


potential energy of a nucleus are +1 c ^rf an( l —0 
respectively 


Using arrangement (3) the respective 


fl i fJ a 

-l 7 -t ' T S and -a 5« 


K ' 1 

,1 


increases are 


Since each atom of aluminium is made up of one electron 
of type (l) one nucleus of type (2) and two electrons of typo 
(3) the total increase is 


12 7') 


0‘ 


Thus, as in Section 3 


1 -W ■> 


Now nm=a as before and since 1 atoms are contained 
in a volume (2*/) 1 



Thus 


u.,_ 12 7‘> 
J2' 



= 2 72xl0 11 1 I 7 lies pel sq cm 


A^y=2 70 M^=27 lxl 61x10 *‘(tiuis 

The value of it found from the tables is 2 67 x 10 11 , which 
agrees fairly well with the calculated value. 
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Calcium. 

Of the divalent metals calcium is the one that crystallises 
in the regular system : the other divalent metals Mn, Zn, Cd, 
crystallize in the hexagonal system in which the elastic 
properties vary in different directions. The compressibility 
of calcium has been calculated by 8ir J. J. Thomson using 
Hull’s structure of its crystals and is found to be 0 9x10' 12 
against the experimental value 5 5 x 10 12 . 

The crystal of the metal is built up according to the 
following scheme Cubical cells—having $th of a nucleus at 
each corner and ^ of an atom at the centre of each of its 
six faces. This makes the total number of nuclei four. The 
electrons are arranged at the middle point of each side of the 
cell, one electron at the centre of the cell and one electron 
each at the centres of the four out of the eight small cubes 
into which the larger cell is divided by planes bisecting its 
edges at right angles. These four cubes are chosen so that 
if one moves parallel to any side of the cell the empty cubes 
and those containing electrons occur alternately. 

Neutral calcium atom consists of one positive nucleus 
and two electrons—one of the type in which it occurs at the 
middle point of a side of the cell and the other in which it 
occurs at the centre of a small cube and for its divalency 
E=2e 

The contributions to the increase in the potential energy 
of the nucleus and the two types of electrons arc found to 
be respectively 

+ 2 HI®'?/, 3 99^7 
and 0, for the inverse cube law of force ; 

+0 58 ^', +2 35 ^ 7 ’ 
a d 

and 0 for the inverse square law of force. 
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Thus for the total increase, putting 


we get 


J =1 HiiSrf. 


0 47 


ti'e 


For this inctdl 



Thus n for calcium 

\l V M ) 


Where 


a.=i , h.> 


M=K)xl t>4x 10~’* 

The calculated value of n is 7 -17 X10 10 . The experi¬ 
mental value for n is not available 

7. Suiitmanj and Conclusion. 

Calculations of the co-elhcient of rigidity of the alkali 
metals have been made on the basis of the atom model 
proposed by Sir J J Thomson (Phil Mag, Vols 13 and 11), 
and the results obtained have been experimentally verified for 
sodium and potassium. The calculations include the cases 
of the appaientlv complex structures of the metals, copper, 
silver and gold, which are generally considered to bp related 
to the alkali metals in their monovalent character and the 
regular system in which they all crystallize The calculations 
are extended to the case ol the trivalent aluminium and 
divalent calcium and good agreement is found between the 
calculated and the observed values for aluminium. 
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Iii conclusion, the present writer wishes to accord his 
best thanks to Prof C V Hainan for drawing the writer’s 
attention to the problem and for many valuable criticisms 
and corrections duiing tho progicss of the work 

Calcutta, 

The 3rd September l!)23 
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XIII. On the Fluorescence of Didymium 

in Glass. 


By 

N C. KrISIINAIYAII, M.A,, 

Professor of Physics, University College, Rangoon 

Abstract 

When white light traverses didymium glass at ordinary 
temperatures, the track exhibits bright red fluorescence 
rpsolved by the spectroscope into four bands, of wave-lengths 
475-504, 548-5G0, 588-612, and 022-645^ Some observations 
on the state of polarisalion of the fluorescent light are recorded. 

When a pencil of sunlight or light from an electric arc 
traveises a block of ‘ didymium glass ’ (optical glass coloured 
with didymium oxide), the track is observed to exhibit 
vivid red fluorescence A spectroscopic examination of the 
absorptiun and the fluorescent spectia with a Hilger constant 
deviation spectroscope has given the following results.— 


Absorption bnnda obsei vml by Liveiug 
and Dewni in aqueous sols of diriyininin salts 


Abaci ption bnnda Fluorescent bands 

ohaencdin ebaerred in 

clirlj inium glass didyinium glaaa 


A stiong narrow sharply defined band nt about Almost a lino at A band belwoen 
wave-length 427/i/i. about 430 475 and 504 

A woll-marked tuple! at about W9 P 476 and 481, A narrow line at 
of which that in the middle is decidedly wenknr about 472 
than the other two A band between 

478 and 483 

A group of two diffused lmnds with the cent™ i A band between 
about 510 oO0 and 513 

A strong ginup af about four more or Ii»sh over- 1 A baud between A baud between 
lapping bands extending fioin about 5JO to 528 520 and 530 548 and 56 » 

A rather weak band at about 531 

A stiong group extending fimn obnul 570 to 700, A band between A band between 
consisting of a numbei of Imnils overlapping one 505 and 598 566 and 612, 

another 

A rather wenk band at about 596 

A band at about 070 A bind whose A bind between 

more i ©frangible 622 and 646 
end is at 079 
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'L'he photographs reproduced were taken with a Hilger 
quailz spectrograph The wave-length scale not being 
correctly adjusted, only indicates the region 


A 
B 

C 
3 

A is the absorption spectrum of didymium glass about four 
inches thick when the incident light is from an arc lamp. B 
is the continuous spectrum of the incident light C is the 
fluorescent spectrum when a streak of sunlight traverses the 
block in a direction parallel to the slit and verv near the 
nearer face of the glass block The photograph was taken 
with a narrow slit on Wvatten Panchromatic plate, the 
exposure being twenty hours This shows the structure 
of the fluorescent hands lying between the wave-lengths 518 
and (H5 W , 

1) is the fluorescent spectrum taken with a wider sht 
'l’he bands shown in C are here considerably overexposed 
Init the hands m the violet me indicated 

Liveing and Dewar have investigated the modification 
of the absorption spectrum of didymium oxide when the 
freedom of the molecules is diminished in the solid. 
Comparing the absorption spectra of twenty-five millimetres 
of fused borax coloured with didymium oxide and that of an 
equivalent solution ot didymium chloride in water, they 
found that tl e strong group in the yellow is much expanded 
pnd the components of the group unequally shifted towards 
the red, that the less refrangible of the groups in the 
green is shifted and its appearance modified, and that the 
more refrangible hands are much washed out and their 
shifts very unequal. Similar results are deducible from the 
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absorption spectrum of the dulymium glass. Further, agree¬ 
ment between the absorption spectrum of the dulymium glass 
under experiment and that of Livemg and I'ewars' borax 
tends to show that the didyimum in the glass experimented 
with is of the usual order oi purity 

The vivid red Huorescent light when examined by Cornu’s 
method did not show any polansed part But when a piece 
of cobalt glass was placed between the Huorescent streak and 
tho Wollaston prism, the tuo images were slightly different 
in colour (one reddish and the otliei slightly violet) and 
about iJO 0 /, of polansed light could bo detected Seeing that 
the fluorescent light seen through cobalt glass is fault and 
that in addition to the fluorescent radiation there is the usual 
scattering of light in the glass, the scattered light being 
always partly polansed, further investigation is necessary 
before any conclusion could be drawn 

The experimental work desenbed in this paper was 
carried out in the Laboratory ol the Indian Association for 
tho Cultivation of Science, Calcutta 




XIV. On the Colours of Colloids in relation 
to the size of the dispersed particles. 

13 v 

UimiUjmrsxN R\v, 1) Sc , 

Le(-hu\ r in Phi/airi, Calniffo L'nirersi/if. 

The colour and polarisation oT light scattered in all direc¬ 
tions by particles not very small in comparison with the 
wave-lengths of light have been studied experimentally by 
Stenbing, 1 Schirman, 2 Palis, 1 Hay,‘and others and on the whole 
their results agree with the mathematical explanation of the 
action of turbid media on light given by Rayleigh'’ and Mie* 
from the point of view of the electiomagnetic theory Rut 
the colours of the tiansmitted light which have an important 
practical application in the colours of metal glasses, and also 
the changes of colours of colloidal solutions during coagu¬ 
lation and the axial colours exhibited by clouds of liquid 
droplets suspended in aii as observed by Rams," have so long 
been impericetly understood, and no attempt lias been made 
to bring these phenomena under general theoietical consi¬ 
deration An attempt will be made in the present paper in 
the last-named direction 

In older to explain the expeiunental results of Keen" 
and Porter, on the transmitted colour of sulphur suspensions, 
Rayleigh* attempted the solution from eneigy considerations 


Ann <lir L J liji 2(1, I'KIS 

Ann <ltq IMijr M), 1910 

riiii Muk Voi inn 

Tioc Ind Abb VuIb 7 mid N 

Scientific Papers Void 1 and t 

Ann dor Phya 2 r », 1(MM Koll Zed, 1907 

SnutliBoniAn contiibuliODB 1901, 1901 

Pioc Hoy Soo Vol HO, 9er A, 1914 

Proc, Hoy floe Vol 90, Ser, A 1914 
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The energy of the scattered light which increases rapidly as 
the size of the particles inci eases, is derived from the primary 
beam and hence the energy of the transmitted light decreases 
part passu, as it passes through the medium with the increase 
in the proportion of the energy scatteied. This only leads 
to the result that as the particles grow in size, the suspension 
refuses to transmit first the shorter waves and then finally 
the whole visible spectrum Loid llayleigh did not however 
find it possible to explain the reappearance of the transmitted 
light in the later stages, observed by Keen and Porter (/ c ) 

Garnett 1 has exhaustively dealt with the colours of metal 
glasses and of the colloidal solutions of gold and silver Fol¬ 
lowing ltayleigli, Larmor and others, he first showed that a 
metal sphere, small compared with the wave-length of light, 
produces in all surrounding space the same effect as would be 
produced by .1 Hertzian doublet placed at its centre lie, 
further showed that, considering a volume which in all its 
directions is great compared with the wave-length of light and 
provided the particles are many to a wave-length of light, the 
suspensoid with its dispersed particles is optically equivalent 
to a complex medium, whose refractive index and extinction 
co-efficient depend on those of the particles and of the 
medium The colours of the metal glasses and of the metal 
sols are now explained by Garnett ns light absorption by the 
new complex medium, but the expeumental results agree with 
the theoretical deductions only when the paitides are very 
small, eg., the transmitted colour is red or yellow It seems 
that the transmitted blue-violet colours, * e , when the par¬ 
ticles are larger than in the previous case, cannot be explained 
on the lines followed by Garnett who suggests in these cases 
that the particles selectively reflect red and 3 ellow rays and 
hence the fluid appears blue-violet But it is extremely 
doubtful that such a reflection really occurs even when the size 


> Phil Tram, Ser A, Vols 203 and 200 
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of the particles is about 100 ee The limitation of this treat¬ 
ment can be seen if the fundamental assumptions are exa¬ 
mined more closely As the particles prow larger, they are 
not many to a wave-length of light, so that the idea of the 
complex medium breaks down and we have to examine the 
light scattering hv discrete particles embedded in the medium 
and distributed in any specified manner 

2 The Theory of the Colon) ft 

The energy scattered by the particles is denved from the 
primary beam and lienee the intensity of the latter must 
Miller an attenuation as it passes through the medium. The 
co-efficient of attenuation is usually derived by a simple 
calculation of the total energy scattered by ail individual 
particle and then multiplying this by the number of particles 
pei unit volume and then deducting the result from the intensity 
of the transmitted light This method is however open to 
ciiticism, ns it ignores the ellects due to the interference of 
the prunaiy and scattered waves The more accurate method 
for the, determination of the attenuation co-effieient would he 
to compound the, pi unary wave with the secondary waves 
scatteied by the particles in the primary direction, with their 
proper amplitudes and phases On these, considerations, 
Raman and lt.iy 1 successfully explained the colours of sulphur 
suspensions observed by Keen and Porter It will he seen 
that the method pvoposod by Raman and Ray is a general 
one and applicable to the colours of inetnl glasses, of 
hvdrosols, and of aero-sols, and other allied phenomena. 

The colours of colloids depend on the nature of the par¬ 
ticles and of the media, on the shape and size of the pai tides, 
and also on their number per unit volume. We shall, for 
simplicity, assume the shape of the particles to he spherical (as 
assumed by Garnett, Rayleigh and others) and also that the 


1 Pioc Hoy Sue Sei A, Vol 100 
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particles are distributed at random Consider the passage of a 
plane wave front through a thin layer of the medium contain¬ 
ing » scattering particles per unit volume. We may, following 
Rayleigh, divide the wave front into elementary areas in 
accordance with the .Fresnel-Huyghens principle, the effect 
of the secondary waves diverging from these elements at 
an external point being integrated to find the amplitude 
and phase of the transmitted wave In the present case an 
appreciable part of the area of the wave front is occupied by 
the scattering particles, which are supposed to be sufficiently 
numerous and irregularly arranged We have to considei 
this part separately from the rest of the wave front. The 
attenuation of the light in passing through the medium 
is, according to this procedure, seen to be due to two 
causes.— 

(1) the decrease in the area, and consequently also of 
the resultant effect of the undisturbed porlion of the wave- 
front ; and 

(2) the interference with this of the light scattered in 
the direction of the primary wave by the pai tides lying in the 
wave front. 

In the case of the very finest particles, the effect contem¬ 
plated in (1) is very small and the phase of the scattered 
waves in relation to that of the primary waves is such that 
the interference effect referred to in (2) does not (to a first 
approximation) alter the amplitude of the resulting effect, 
but only affects its phase. With increasing size of the par¬ 
ticles, however, the case is altered The effect (l) becomes 
considerable and results in a continuous decrease in the 
transparency of the medium with increasing size of the par¬ 
ticles, the number being assumed to be the same. The 
amplitude of the light scattered by individual particles also 
increases rapidly at the same time, and the importance of the 
effect (2) is therefore enhanced; but whether this results 
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in an increase or decrease of the amplitude of the transmitted 
wave obviously depends on the phase relationship between 
the ptimary and scattered waves in the direction of regular 
propagation If the phase of the scattered waves lags suffi¬ 
ciently behind that of the primary waves, we may have 
actually an increase m the resulting transmission of the light 
hy the suspension with increase in the size of the particles As 
we shall see presently, this is what actually hnppens Follow¬ 
ing Hainan and ltay (/. c ) wc are now in a position to write 
don n the expression for the co-efficient of transmission of 
light thiougli the suspension Assuming the amplitude of 
the primary \ihmtion to he unity, the axpression foi the 
seal lei ed disturbance due to a single particle in a direction 
nearly coinciding with 0=]so is 


wheie A and h detenu 1110 respectively the amplitudcand phase. 
The particles in the stratum aic irregularly arranged, but 
in the direction of the primary wave piopagation, the secon¬ 
dary waves diverging from the particles are in agreement 
of phase and can accordingly combine to build up a plane 
wave front The amplitude and phase of this plane wave may 
be found hy integration of the effects of the particles in the 
stratum in the manner adopted by Rayleigh in his paper on 
the theory of the light of the sky Combining the effects 
due to causes ( 1 ) and ( 2 ) as discussed before, «e have for 
the effect of passage of the wave through successive strata 
of the tuihid medium 


— ( 2*n' + ^— sin ^ (1) 

K=K„. V ir X / 

where x is the total thickness traversed. (For details of tho 
mathematical steps see Raman and Ray, Proc. Roy. Soc , Ser. 
A., Vol. 100). 
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3 The colours of metal glasses and metal sols 

In'ordcr to calculate the amplitude and phase of the 
secondary waves scattered in the direction of the primary 
wave, we utilise the formula given by Love as corrected by 
Rayleigh In our present calculation we take the substance 
to be gold particles suspended in water, and we push our 
calculations for three wave-lengths 

A=6300A U , A=5h'»2A l), :.ml X= UiHtA U 

The dielcctiic constant of the metal is a complex factor and 
is given by the relation 

m = n 1 (1 — / k ) a 


where m = dielectric constant of the inetal 
n = refractive index „ 

k = absorption co-efficient „ 

The proper value of the dielectric constant is substituted 
in the equations and calculations are made in the same way 
as done by the author previously The value of n and k arc 
diltcient for dillerent wave-lengths and the actual values are 


takdil from Minor. 
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iik 

utoo\ r 
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5HM2A U 
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Calculations arc made for ka= 1, ka= 2, ka= 3, and by 
drawing curves, the amplitude and phase of the scattered 

wave as a function of the ratio for gold particles in 

un\ e-length 

water for each of the wave-lengths a=oiooa U, a=581Ua it umi 
a= 4584A U can be obtained. 

Since the process of integration considcis the effect on 
the transmitted wave arriving at any given stratum of its 
passage through all preceding strata, the investigation takes 
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into account the influence of multiply-scattered light so fnr 
as is relevant to our present purpose 



-- a 


The cune I is drawn showing 

— I ‘Jirit 1 + - Ml) A I ii i 

e \ »■ * / 

as ordinate and a as abscissa. l (1 rom the graph it will be seen 
that the colour oC the transmitted light is at first red and then it 
turns to yellow and finally blue These lesults are m agree¬ 
ment with observation In arriving at the equation (I) from 
the general expressions of Rayleigh (/. c ) we have taken that 
the spherical particles are without any limitations as to their 
refractive indices and to their radii as well, and we have 
assumed in these cases that the phases of the scattered waves 
arising from individual molecules are distributed entirely at 
random. We have further tacitly assumed that all the 
particles are of the same size In the actual experiment, the 
size of the particles is variable to some extent, but by taking 
the effective average size, we may obtain a sufficient approxi¬ 
mation to the truth ; if desired there would he no difficulty in 
modifying the formula to obtain a more accurate result by 
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considering separately the effects of particles of different sizes 
in groups and superposing them to find the resultant. 

In this case, tbe equation is true when the particles are 
fairly large (contrary to Garnett’s assumption) and in the 
calculation we have considered gold particles in water. We 
can very easily substitute the value of the refractive index 
of glass for water in order to find the colours of gold glasses 
Also substituting the ref motive index of silver for gold in the 
previous calculation, the transmission colours of silver suspen¬ 
sions in water and also of the silver glasses can be obtained 
The curve I gives the general explanation of the observed 
results 


4. Colours of aerosols. 

Bums has observed that the colour of the light transmitted 
through clouds of water, ether, and alcohol drops suspended in 
air undergoes periodic changes. Taking a typical case, say 
water, the axial colour is violet-blue when n =370xl0-"i m With 
the increase in size of the particles, the colour changes from 
blue, green, yellow, red, purple, and violet-blue again when 
fi=620x 10 "mi and with still further increase in size, the axial 
colour changes from green, yellow, red, and violet again when 
a=790xl0 "cm No explanation of these periodic changes of 
colours has yet been given. Recently Werner 1 has repeated 
this experiment with water drops alone, and measured the 
intensity of the transmitted light, keeping the number of 
particles per unit volume fixed, but gradually increasing the 
size. He has observed that, as the particles increase in size, the 
intensity gradually decreases till it is minimum and with 
further increase in the size, the intensity slightly increases 
but with still further increase in the size, it decreases 
again. 


1 Aon der Fh) ■ , Vol 70, 1923 
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In order to explain the colours and also the oscillatory 
character of the intensity wo examine the previous equation 

/ , . , AX 3 27T. \ 

— I sin —. t) Ini 

|,’ — , V 7r Ay 

and observe Unit as a increases both X and 8 increase, the value 
of a*-«» gradually mcieases and s ,„ “'s passes also through 
maxima and minima, ancl hence the whole value of 

/ . AA 3 j7TjN \ 

— ( 'Jira-+ - sm - o I m 

' 7T A / 

shows an oscillatory character , also since the variation of 
Mir value of 

A A' ' 2 tt 

sm d 
7T X 

is small compared with ^ , it follows that the increase in 
intensity after passing through the first minimum though very 
small, is appreciable This explains the general character of 
the phenomena observed by Hams and Werner Fuilher we 
know that ( 2=>«' » whine Q,= water content of the vessel and 
a the ladius of the particles and n the number of particles per 
unit volume, and if we substitute the value of n in the equa¬ 
tion (1), and keep Q constant m the equatior, we can 
express the intensity of the transmuted light in terms of the 
size of the dioplets The theoretical curves so drawn resemble 
the experimental values obseivcd by Werner ( l.c ) 

S mi 'nary an tl Cone I it*ion 

In this paper, (tf) the gradual changes of colour of the 
light transmitted through colloidal solutions, with the increase 
in the size of the particles, (A) the colours of the metal glasses, 
(c) the axial colours seen through the droplets of water, 
ether, alcohol, etc , have been examined The intensity of the 

7 
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light in passing through the medium is according to this 
procedure seen to be due to two causes 

(1) The decrease in the area, and consequently also of 
the resultant effect of the undisturbed poition of the wave 
front; and 

(2) The interference with this light of the light scat¬ 
tered in the direction of the primary wave by the particles 
lying in the wave front 

Hy combining the resultant effect due to (1) and (2) we get 

/ i, , , A\" \ 

— I ZTTa' + Hill - 0 Mil 

K -a n r \ x / 

where A aud 8 are the amplitude and phase of the secondary 
waves which alter rapidly with the increase in the size of the 
particles The second term within the bracket contains a sine 
factor which becomes alternately a maximum and a minimum 
when a increases and hence the value of E shows the oscil¬ 
latory characters observed m the experiment Since the 
values oE A and 8 are functions of \ the transmitted light 
becomes coloured. 

My thanks are due to Prof C V. Raman for bis interest 
and helpful suggestions during the progress of the work. 

University College op Science, 

92, Upper Circular Road, 

Calcutta 
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§ 1. Introduction. 

The remarkable reflection of light by certain crystals 
of potassium chlorate was first described by Stokes. 1 The 
late Lord Rayleigh 1 worked out a theory of the reflection 
of light at a twin plane of a crystal. Lord Rayleigh 
inferred that the reflection is from a large number of twin 
planes periodically situated Wood J experimentally verified 
this fact by photographing the spectrum of the reflected 
light in which he got very narrow bands In the case of one 
crystal the band was so narrow as to require 700 twin planes. 

The presence oE these twin planes was actually observed 
by Dr Hodgkinson ‘ in a specimen mounted in a special way. 
In this specimen the edges of the twin planes could he seen 

TM, l'Yb, 1B8S 

1 Phil MaRi Vol XXVI, 1888, pp 241-203 
3 E VV Wood's Ph)Bien] Option, p 160 
* Manchester Proceedings Cni 1889 Vol TIF, p 117 
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by means of a hand magnifier. The present Lord Rayleigh 1 
has in a recent paper given microphotograplis of sections 
cut at right angles to the twin planes taken with crossed 
nicols. They clearly show the edges of the twin planes 
Similar photographs have also been taken with Madan’s 
crystals where the edges are not equally spaced. This 
confirms the late Lord Rayleigh’s prediction 

In the present paper an attempt has been made to verify 
the late Lord Rayleigh’s theory by spectro-pliotometry The 
refractive index of the crystals has been inensured for different 
wave-lengths for the first tune by a simple method, exact 
calculation being impossible without a knowledge of these 
values. The conditious under which these crystals are formed 
have been studied with some care Spectium-photographs 
of the reflected light for different angles of incidence have 
been taken to study the variation of the width of the maxima 
with the angle of incidence 

§ 2, Ci'ystalliaation of potassium chlorata 

Pure and dust-free solutions of the salt do not yield any 
iridescent crystals A few slightly coloured crystals arc 
sometimes got They are, however, of the type studied by 
the present Lord Rayleigh showing complex hands in the 
spectrum of the reflected light and having only a few twin 
planes very irregularly situated They have none of the 
regularly repeated and innumerable twin planes which exist 
in tho iridescent crystals In solutions purposely made dirty 
many coloured crystals are always found A large quantity 
of very clean solution was divided amongst five clean vessels. 
One of them was kept well covered and free from any distur¬ 
bance. To three other samples small quantities of common 
salt, potassium chromate and line dust were added. Tho 
remaining sample was attached to a pendulum and given 


r 1,B, Yol 102A, 102 a 
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regulated shaking. The dusty solution gave a large number 
of iridescent crystals. The chromate solution also gave a 
few The pure solution as well as the one containing common 
salt gave not even a single colouied crystal The effect of 
the shaking was to precipitate the crystallisation. The 
crystals were formed too quickly to be large but there were 
innumerable thin oiystals of the iridescent type. On the 
whole a suspended impurity like dust appears to lie most 
effective m forming a huge number of regularly arranged 
twin planes "Foreign matter seems to binder bho continuous 
and undisturbed grow I h of a crystal and help the formation 
of fresh layeis which are either actually rotated through two 
right angles or in which the atoms arc avianged m other 
positions of equilibiium corresponding to those of a crystal 
rotated tinough (wo light angles The latter appears to be 
the more probable view. 

In this connection it may be interesting to note that 
Madan’s crystals are formed on heating one of the ordinary 
crystals to nearly its fusing point, when the amplitude of 
the atomic vibrations lias nearly reached the maximum value 
which it can attain without breaking down the crystal 
structure, and then allowing it to cool After the atoms 
have gained sufficient energy for them to assume alternative 
positions of equilibrium corresponding to those of a crystal 
turned through two right angles, they slowly come to rest on 
cooling and show the twinned structuro which lias been 
studied by both the late and the present Lord Rayleigh. 
The former has shown that the effect of heating is not to 
form actual cavities inside the crystal but to form twin 
planes ns in the iridescent crystals. Spectrum-photographs 
of the reflected light and miciophotographs of sections of 
Madan’s crystals have been taken by the latter which show 
that the twinned structure is complex. It appears that 
twin crystals of Lcucite ( K ,0 S* 0 .), on heating, lose 

all traces of the twin planes which they had before, and are 
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converted into ordinary crystals on cooling. It would 
be irterestlng to study the structure of ordinary as well as 
imdescent crystals of potassium chlorate with the help of 
X-rays. No less inteiestmg would be the study of the changes 
in the Laue patterns of an oidinary crystal on heating to 
nearly 250° and then allowing it to cool 

§ 3 Refractive index of potassium chlorate. 

It was found that no data are available for the refractivo 
indices of the crystal for different wave-lengths They were 
determined by the following simple method. 1 

A fairly big-sized and thick crystal was attached to a 
pin with one of the edges vortical and it was immersed in a 
small quantity of carbon-disulphide contained in a cell with 
parallel glass windows. An illuminated slit was viewed 
through the cell keeping the edge of the crystal in a line with 
the eye and the slit and parallel to the latter On turning 
tho crystal about a vortical axis a position was found for 
which a well-defined spectrum was formed far away on one 
side of the slit. On carefully observing this spectrum it 
was found to consist of two spectra slightly separated from 
each other and polarised at right angles (vertically and 
horizontally) The spectrum nearer the slit was polarised 
with vibrations vertical 

The spectra had the red towards tho slit. By adding 
benzol in suitable quantities the refractive indices for different 
colours were made equal both in the liquid mixture and in 
the crystal, beginning with the red At each stage the 
particular colour for which the indices are equal coincides 
with the slit. The measurements were made only for the 
nearer spectrum The refractive indices of the liquid 

1 " On Wave-propagation in Optically lloiorogoneona’ Modi* nnd the Phenomena 
observed in Christiansen's Experiments" By Ur Nihal Karan Sethi (Proc Indian 
Association, Vol VI, p 121) 



CHLORATE OF FOTASII 


235 


mixtures were measured with the help of a Pulfrich llcfiacto- 
meter calibrated each time for the particular colour under 
consideration with the help of pure ben/ene and toluol whose 
refractive indices are known for different regions of the 
spectrum For yellow light the sodium flame and for the 
other colours the light from a candle flame were used. The 
refractive index-wave-length graph was drawn so that 
the refractive index may be roughly ascertained for any 
wave-length From two known values of the refractive 
indices for two wave-lengths Cauchy’s constants were 
calculated so as to check the values obtained for other 
wave-lengths 

Table I 


Itpfiactive index. of K(VO , 


CULOIJI 

XxlO" 

fi ( cvpei nncii tal ) 

lied 

■ (>500 

1 529 

Yellow 

589(1 

] .Vtl 

(iieun 

5000 

1 519 

Blue 

1500 

1 :»j i. 

Violet 

1000 

1 519 


A - B 

A = 1 518 

i 


X 1 

U— l 7 v 10~ 


/nfpali Lilaled) 


1 537 
1 54.1 
1 517 


§ 4. Spcctium of the reflected light 

The coloured crystals were carefully selected from each 
crop, washed with a small quantity of distilled water, 
dried on filter paper and transferred to a card-board box. 
The light reflected from one of these crystals was found to he 
extremely interesting. There were two, and in some positions, 
three orders of maxima in the visible region of the spectrum, 
each maximum with secondary maxima (three m some cases) 
on either side. The repetition of the samo structure in the 
various orders of maxima is the best evidence for the identity 
of their origin The presence of the secondary maxima is 
exactly in accordance with the explanation put forward by 
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the late Lord Rayleigh The present Lord llayleigh lias 
observed similar secondary maxima in the spectrum of 
the light reflected by “ Pelidnota Sumptuosa " 

Iho accompanying plate (Plate V, fig 1) was taken with 
the bigger type quartz spectrograph o r Adam Hilger (using 
panchromatic plates) It is very interesting to note how 
enormously the widths of the maxima decrease as they are 
made to travel from the violet towaids the red end of the 
spectrum by decreasing the angle of incidence Against each 
spectrum is marked the angle of incidence Plate V, fig. 2, 
is a photograph of the spectrum taken with the carbon arc 
and it shows five orders m the blue, violet and ultra-violet 
(4th, Gth, Oth, 7th and 8th orders respectively) The positions 
of the mnxima are marked The photograph was taken with 
an ordinary plate and so the 3rd order in the red has not 
come out. 

The co-efficient of reflection of a twin plane is zero at 
normal incidence and increases rapidly as the angle of inci¬ 
dence is increased, so that the effective number of twin planes 
reflecting (once the reflection has become total at about 15° 
angle of incidence) decreases rapidly in proportion This 
readily accounts for the change in the width of the lines for 
different angles of incidence. With the aid of a travelling 
microscope the widths of the various orders of maxima as well 
as their wave-lengths were measured. It is evident that 

~=?ixvi where ji is the order of a hand and hi, the number 

tl\ ’ 

of twin planes acting. In the present case it is justifiable to 
assume that each plane reflects only once as the distance t 
between two consecutive planes multiplied by m when the 
incidence is nearly normal (» <?., when all the planes are con¬ 
tributing to the reflected light) is very nearly equal to the 
total thickness of the crystal. 

mx/ = 35x ‘000664 = 023mm (£ beintf calculated foi a yellow band) 

m,xf = 35x 000670= 0235miu it being calculated foi a blue band) 
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The actual thickness mcasuied by means of a microscope 
was about 025 mm n was calculated from the positions of the 
successive orders in one of the spectra, the refractive indices 
of the corresponding w ave-lengths being known already. In 
the formula ‘-V cos 1 =«*, >, the actual angle of incidence at the 
twin plane (> is the angle of refraction into the crystal) is 
different fur different colours and t is calculated from a 
knowledge of /<- the refractive index, and the angle of inci¬ 
dence at the external face of the crystal Tlie value of n was 
found to be 3, the three orders visible in most of the 
spectra in the plate being the 3rd, 1th, and 5th lespcctively. 
vi, the number ot planes acting was thus calculated for the 
wave-lengths corresponding to the three maxima in the spectra 
photographed 

The late Lord Rayleigh derived the following expression 
for the amplitude of the light reflected from a single twin 
plane — 

_ H mil </) 

n ~ iff) UIM»0 

where v is the co-cfficient of lellection, U, I) the dielectric 
constants of the crystal and $ is the angle of incidence at the 
twin plane Ror the aggregate rellection from a senes of twin 
planes (in in number) 1 

j tf>m * = Laii It H 


where 


fti — + tan h 1 17 


or 77 = lull It ■— 

when the light is totally LellLctcd, t.m =1 

Uut 


It Hin 6 , T B. 

v= „ n = tan A "/ 

lu cc)fa a 9 J 


Know ing 


rj anil tj>, ^ c.m be estimated 

u \ I 


The values are given in Table II, 


1 I*roc Uoynl Society, No .A -(TiD, UU 1017, 1 On Die ReJIectiou of light Tram 

a llugularly Stinlillud Medium 11 
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§ 5. Spectro-Photometry. 

The photometric measurements were made by means of 
Hilger’s Nutting Spectro-Photometer in series with an 
ordinary spectroscope fitted with an adjustable slit in the 
focal plane of the eye-piece. The adjustable nicol of the 
photometer was set for complete extinction of the central 
spectrum, the reading in the graduated circle being then 0° 
Thus if the reading is o when the spectrum is adjusted to ho 
equal to the two spectra given by some other source, *">’ 6 
gives the ratio of the intensities of the two sources compared 
In a line with the aperture which gives two images a 
small spectrometer was adjusted so that the reflected light 
coming from the crystal mounted veitically on tho prism 
table passes through the telescope deprived of its lens and 
eye-piece. The use of this additional spectrometer for the 
crystal is only to enable accurate measurement of the angle 
of incidence at the crystal face The two sources were always 
kept at tho same distance from the two apertures of the 
Nutting photometer. The ratio of the two sources was 
measured for different regions of the spectrum before calculat¬ 
ing the correct reflecting power of the crystal The two sources 
were a half-watt lamp and a 60 candle power electric bulb 

It is evident from Table II that for a given angle of 
incidence at tho external surface of the crystal the value of ^ 
increases as the wave-length of the reflected light decreases ; 

hut in calculating we assume that B varies for differ¬ 

ent wave-lengths as indicated by the values of ^ in the 
last column and that the reflection co-efficient varies 
exactly as It has to be borne in mind that the 

theory of Lord Rayleigh is not concerned with dispersion, 
but assumes that only light of a particular wavo-length is 
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zero to about 30° slowly it was found that the black band in 
the blue became completely black for a smaller angle of 
incidence than the minimum in tho red. This is in agreement 
with the higher value of v for the shorter wave-length 


Specfro-Photomeli ic Meanurements 

Table III gives the variation of the intensity of the 
reflected light on rotating the crystal in its own plane,keeping 
the angle of incidence constant. Lord llayleigh has 
remarked that it should vary as where is the angle 

between the plane of incidence and the plane of symmetry 

of tho crystal ought to be constant which it fairly is 

for large values of e (say greater than 30°) The experi¬ 
mental difficulties are greater for smaller values of e 


Table III. 

<f» = rending of pholoinctei 
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025S 
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1 92 
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1 51 
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1 43 
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1 31 
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GO 
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70° 30' 

1 0000 

8888 
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1 16 


Sin =8in - ^— pm, ^^ = o) 

^here sin B d> /i] =the reflection from the external surfaces alone, 
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for angles of incidence up to SO'' there was no difficulty 
of adjustment For smaller angles a mirror had to be used for 
reflecting the light to get the required angle of incidence. 
Corrections have been made for the light reflected by the 
external surface 


Table IV. 

Intensify foi iliffeienfc values of the angle of incidence 
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The above values arc not absolute They are only for 
comparison. The fractions in the Table are the ratio of the 
intensity of the reflection by the crystal to that of the 
comparison source 

§ 6. Conclusion and Summary. 

From the measurements given in Tables II and IV it is 
clear that interference effects prevent the measurement of v for 
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all angles of incidence for a definite wave-length It is 
necessary to secure a crystal which is known for oertain to 
have only a single twin-plane, in order to verify Lord 
Rayleigh’s theory 

(1) In the present paper the cause of the formation of 
the iridescent crystals is experimentally found to be the 
presence of dust and other suspended or dissolved impurity. 

(2) The variation in the reflection co-efficient with the 
angle of incidence has been calculated and also spectro- 
photometrically measured and it has been found that v varies 
with a, being more for shorter wave-lengths 

(3) The variation of the intensity of reflected light 
when the crystal is turned in its own plane without altering 
the angle of incidence lias also been measured experimentally. 

(4) The refractive index of the crystal has been 
measured for different wave-lengths 

(3) Photographs of the spectrum of the reflected light 
have been taken showing clearly the presence of secondary 
maxima on either side of the central band, sometimes three 
in number and also showing the change in the width of 
the central maxima of the various orders as the angle of 
incidence is changed It is found that with increasing 
angle of incidence the number of twin-planes __ which 
contribute appreciably to the observed effect rapidly 
diminishes 

In conclusion, I wish to state that the above work 
was carried on at the Indian Association for the Cultivation 
of Science while the author was in receipt of a research 
scholarship from that institution and that my best thanks 
are due to Prof. C V. Raman, M.A, D.Sc, for his valuable 
help and advice. 



XVI. On the Colours of Mixed Plates. 

l\irt IV 


Hy 

K SllSHAUIIlI lUo 

Iii the tim'd paper ol tins senes 1 the consequences of 
the new theory advanced in the second paper to explain the 
phenomena shown hy mixed plates had been worked out in 
detail and the lesults obtained have been shown to be m 
agreement with experiment In this papci it is proposed to 

deal with some further studies of the phenomena including 
those of dry films 

Intensity Distribution in the Halo. 

The detailed description of the phenomena has been 
given in the lirst paper. The remarkable feature of the 
phenomena is that though the bubbles vary in si/,c and shape 
arbitrarily and are irregularly arianged in the film, the 
diffraction halo exhibits a regular structure consisting of a 
senes of circular rings which are close together in the centre 
of the halo and wider apart in the margin, the number of 
rings depending only on the thickness of the film and its 
composition The theory proposed is that these effects are 
due to the scattering of light from the laminar diffracting edges 
in the film. Owing to the action of surface tension, the 
edges are drawn inwards as a meniscus which in this particular 
case may he assumed to lie semi-circular. The theory worked 
out on this basis shows that the scattered light consists of two 


1 Phil Mug, Mim.li 1(121, June 1021 and HrpLuuiboi 1021 
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sets of dark and bright circular rings, the first set extending 
to large angles of diffraction and the second of inappreciable 
intensity except at the centre of the halo. 



M 


Fig 1 

The first is due to the interference of pencils P, Q and 
the other to the diffracted pencils L and M. The two sets of 
rings would he superposed on each other at the centre giving 
rise to the composite character of the halo The position of 
dark rings in the first set is given by the angle of diffraction 
6 where 

e{l— /I Hill 1 j {fL COS l — —fL* Hill 1 / } — 8= 'I 

(2i, —1)£ 11) 

fi yin / =Hin i anil Hin 0=/i Bin 2(i —i ) j 

s = phase change occurring in total reflection depending 
upon the plane of polarisation of incident light. 

The second set are determined by 

0*—1)<+~ Hintf— *=(2u + l)* 


( 2 ) 
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We shall now consider the relative intensity of the 
interfering pencils The experimental observations already 
recorded show the intei Terences to be remarkably perfect 
and hence the interfering pencils must be of comparable 
intensity throughout the region in which we have maxima 
and minima 

That is what should be expected from considerations 
advanced above. In directions nearly normal to the film the 
light is diffracted chiefly from the wave fronts regularly 
transmitted through the film and the contributions to the 
scattered radiation from the part of the wave-front lying on 
either side of each boundary should obviously he equal In 
more oblique directions the scattering occurs chiefly at the 
curved interface between the two media and the intensities 
of the pencils emeiging respectively after two refractions 
and after total reflexion are comparable throughout Thus 
there is reason to expect throughout the range in n hich 
scattered light can be observed the interferences to be strongly 
marked 

We shall now calculate the intensities ot the two 
interfering pencils Let the amplitude of the incident beam 
be unity. Let the two initial parallel pencils of width f?J3 i 
and give rise to the two interfering pencils lying between 
0 and 0+fj0 The intensities of the two beams will be 
proportional to and ( / (l 


Now 


r?* i _ a cos t fit 

Ho 


and 


a cos i cos i sin i __-p 

2 = 1 
sin i — i 


( /i, 

le 


— 0 = P j 
A 


nliei'u a = nidi us of the loimui culm edjfc 

9 



The amplitude of the refracted pencil A, is given by 

( ^ ) 1 where K is the distance of the point, of observation 

Similarly the reflected beam A, is given by ^ ^ ^ It will 

be evident from above that while A, decreases n.s e increases A 2 
incieases In the case of the refracted beam we have to take 
into consideration the fact that all the light is not completely 
refracted hut part is also reflected The correction factor is 
given hy Fresnel’s co-efficient of refraction 

Mill* t Sill J ) . Sill 2 i Sill" / 

-- ll l) l I 

Sill 1 (l + t ) Hilt 1 ( t + J )t‘Os 2 ( I + ) ) 

for components polarised respectively in the plane of inci¬ 
dence and at right angles to it This will modify A, very 
slightly at first but becomes appreciable at, larger angles 
We have also to consider llie diffiaction effect of the edge 
at O which will be very large for small obliquities but 
becomes quite negligible at larger angles This effect might 
he considered as that due to another ray superposed on the 
direct rays The expression for this will he given hy 
Sommerfeld’s expression for the diffracted wave at a semi- 
infinite screen, i c , hy 



where $ and 4>' are the angles made by the diffracted and 
incident beams with OX respectively. 

The amplitude of this beam A, is given by 
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<>1 llA 



llPll 0 1^ <1111111] 


III calculating the amplitude of the resultant Ihe path differ¬ 
ence between this and the reflected beam may be neglected. 
The path difference between the reflected and the twice 
refracted beams is given by (1) The lesultant intensity is 
obtained by compounding the three beams The effect duo 
to A, vanishes at moderately large angles 

The curve in the ligure has been drawn on the above 
calculations The asymptotic expansion 



i-V 2 

of A, is inapplicable over a small range near 0° and that pnrt 
of the curve (from 0° to 2°) has been drawn freehand so as to 
represent as closely as possible the trend of the curve In the 
calculation ( M —i)f has beeu taken as , r >\ 

It will be seen that the general features of the phenomena 
aie well represented by the curve 

We have also to consider the second set of ra>s LM 
which are diffracted from the regularly transmitted wave 
fronts The amplitudes of both of these will be equal 
throughout and hence the interfeiences will be perfect. But 
as the amplitude diminishes very greatly with moderately 
large angles its effect will be only seen for small angles As 
will be seen from (1) and (2) the two curves will get out of 
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step at small angles the maximum of one coinciding with the 
minima of the other, the result being the blurring of the 
rings which is actually observed. 


Position of Achromatic Pmg. 

The expression for the path-difference of the two inter¬ 
fering pencils given in (I) shows that it diminishes conti¬ 
nuously (at first rather rapidly and later more slowly) from 
up to a small fraction of it for the largest angles of 
diflraction We have accordingly a series of circular rings 
in the halo closer together at the centre and wider apart near 

the margin The value of S diminishes gradually from ~ to 0 

as e increases. The outermost ring therefore in white light 
corresponding to a negligibly small path-difference should he 
achromatic while the inner ones should be strongly coloured. 
Near the centre of the halo the colours w ill not of course be 
pure. To investigate the exact sequence of colours and to 
determine whether the achromatisation of the last ring is 
perfect wc have of course to take into account the variation 
of refractive index ^ with wave-length a. The condition of 
achromation is that the path-difference A divided by a should 
be independent of A. 

The path-difference A is given by (1) 

A = | cos i — sin i — < | — 2a cos < — 5 

Achromatisation will be perfect when 


,i 

r/A 


( * )-»■ 


i dA 
X d\ 


= A 


now 
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flince 


dr_<lfi jam t 
<l\ dA cos i 


dA diL ( - - 7 

——- r J cos v — 7 — sin Zr — i > 

< 1 A ros / (IA i \ 

Assuming; ^ to tie given by Cauchy’s formula 
, n ,/,x_ 2ii 

,i=a+ A'’5a = “ X' 

Hence the condition of achromntisation is given by 




\ ( - ) 

- J COS ? — rf — S.1H — i V 

COH f I \ 

—/j | rri'-i —jj— co^j 


Assuming h ftn j 'It to be the same as that for water we 

t/A 

liud this condition is satisfied when i is about 40°, i e., when 
o is about 90°. We thus find that the achromatism of the 
last ring is nearly perfect 


Dry Films. 

The phenomena exhibited by dry or partially dry films 
have been described in detail in the first paper of the series. 
Briefly described it consists of a halo which is much fainter 
than in the case of fresh films showing a broad central area 
which is achromatic followed outside by ringB of gradually 
decreasing width which are strongly coloured. The diffraction 
halo in fact is very similar to the wellknown diffusion rings 
observed around the focus of a thick concave mirror with a 
dusted surface. The resemblance also extends to the case in 
which the plate is held obliquely in front of the oye. As the 
plate is inclined, the centre of the halo moves to one side, 
fresh fringes appearing on that Bide, and ultimately, as the 
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plate is held at a moderate obliquity, the halo consists of only 
arcs of circles, the arc passing through the source being 
achromatic, the re9t being coloured m white light The 
explanation of this becomes clear when we- understand how 
drying atTects the film As has been already described, the 
bubbles of air in the film which aie at first lying indiscri¬ 
minately are drawn together leaving the albumen confined toa 
number of very fine ridges, the form of theso ridges being that 
of irregular hexagons. In the dry film it is these ridges that 
form the diffracting centres The case then becomes similar 
to diffraction by small particles on the surface of a mirror If 





t 




A 


'ur 


A and B be the two diffracting particles and if 0 be the anglo 
which the direction of the incident light makes with AB 
and $ the angle of diffraction it can lie easily shown that the 
positions of maxima and minima are given by 


or for small angles 


/(cob </>— COS = 

A 




ftiA 

T 


odd values of m, 1. 3, etc, giving the minima 

To test these conclusions the angular diameter of the 
rings was measured using a monochromatic light source. A 
small nporluie illuminated by a mercury lamp with a green 
filter forms the source of light. It is viewed through the 
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film formed between thick flat plates The angular width of 
the dark rings in tlic halo may be determined by making them 
coincide in succession with a faint luminous reference mark 
placed in the same plane as the source, the plate being moved 
m the direction of the incident light The thickness of the 
film ivas determined by obseivmg the spectrum of white light 
tiansmitted through the film and noting the wave-lengths ot 
the light Ireoly transmitted thiough the film without 
interference 

ltesults of a few observations are given below 
Tint kiii 1 v« of film (= 


1 >l»soi > ,il inns 

HI till* l|(Jl lll.ll l .|s,> 

W Ill'll </» = 0 

N umbel oT nn^ | 

M 

Angle \j/ 

(m di gu*t*) 

( on i —< ns i 

n 

1 

1>S in 1 

0 0511 

r 

I 

il J o 

0 0-ls 

~1 

Kl Hi 

0 OD' 

7 

| 50 1) 

0 051 



It is worth while recording another feature exhibited 
by the dry films As already described the dry film 
when held at normal incidence show's a senes of circular 



262 


K SK8HAGIHI IIAO 


rings as shown in the drawing Fig 4(i) When tilted the 



centre of the halo moves to one side fiesh fringes appealing 
on that side, the rings remaining approximately circular as 
in the case of Newton’s rings. When closely examined it is 
found that when the plate is tilted, besides these circular 
rings there appear another set of lings cutting the former 
rings and moving in an opposite direction, At the place 
where these cut the first set of rings there is present a 
dislocated appearance The first set of rings appear displaced 
at these points, and appear to be slightly bulging at one side. 
The rings are very faint Appearance of these rings is shown 
in the diagram Fig 4 (h). When the plate is very obliquely 



Fnj 4 i.) 
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held the two sets appear to merge and only arcs of circles are 
seen as in the case of Newton’s diffusion rings This is shown 
in Fig 4(ui) The nature of the second set of rings is not yet 


b'uj l(uj) 

clear. As already described the film when dry forms into a 
network of polygonal ridges. It is possible that the peculiar 
structure of the film may cause the appearance of this second 
set of rings 


Summary. 

(1) In this paper the intensity distribution of the halo 
exhibited by the mixed plate is studied and explained. 

(2) The position of the achromatic ring has been 
determined 

(3) The phenomena exhibited by dry films has been 
shown to belong to the class of Newton’s diffusion rings by 
quantitative measurements 

In conclusion the author lias much pleasuro in recording 
his best thanks to Prof. C V Human. 

April 1921. 
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XVII. On the Maintenance of Vibrations under 
Variable Spring 

By 

N C Khtsiinviyar, M.A, 

Viofessor of P/iyvtcs, Uniimsih/ CoIInyr, Rangoon 

Introduction 

Andrew Stephenson 1 was tho first to point out that if a 
liody capable of vibration about a position of equilibrium is 
subject to a periodic force which docs not tend directly to 
displace it from its position ol equilibrium but only varies 
its “spring” or co-ellicient of restitution, the force may 
exercise a cumulative action in intensifying or diminishing 
the amplitude of the motion, piovidcd the frequency of the 
force is contained within any one of a number of ranges 
lying in the vicinity of *, j, *, etc, times tho natural 
frequency of tho body Tic pointed out that the well-known 
fonn of Melde’s experiment in which the tension of a string 
is periodically varied hy the action of a force of double its 
frequency and is set in vibration as a result, is an illustration 
of tho first of the senes of the possible types of excitation, 
a case which had already been discussed by the late Lord 
Rayleigh. The experimental realisation of the higher types 
of such maintained vibrations and a general theoretical and 
qualitative explanation of their distinctive characters was 
given by C. V Raman in a well-known memoir/ The piesent 
writer has lecontly had occasion to consider the analogous 
case of a wire set in vibration by periodic electrical heating,’ 

1 On a cIqbs of forced oscillation? Qunrtoily Journal of Puio nnd Applied Mathe¬ 
matics, June 11)00 

B Bulletin No G, Tho Indian Association fin tho Cultivation of Science, Calcutta 
a Fh>anal Review, Now Senes, Vol VI, No 0 
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and in connection with the phenomena observed, to consider 
more fully than has been done hitherto the theory of main* 
tenance of vibrations by forces of double frequency 1 It is 
proposed in the present paper to extend the method of 
treatment there employed and to put forward n theory capable 
of quantitative comparison with experiment 

General Theory 

We shall first consider the simple case in which a body 
is assumed to be capable of vibrations having a definite 
natural frequency, with damping proportional to the first 
power of the velocity. The differential equation of its 
motion when it is subject to an imposed periodic variation of 
spring takes the form 

V + («" — 2rt Hill 

in which k and a are supposed to be small In the cases in 
which n is nearly equal to the frequencies p, or 3 p, or 5 p, etc , 
and the body is maintained m periodic vibration, we may 
assume 

^=A, sin pl + A, bin r \pt + A, sin ftjit + A, sm 7 pt+ 

+ B , cosyt + B, cos B, cos fipt + B, cos 7 pt + 

Substituting in the differential equation and equating to zero 
the co-efficients of 

sin pi, cos pt, sin 3p/> cos .tpl etc , 

we get 

()»’— p’JA, — (i^ + a)B, + aB,=0 
Gp— a)A,+(n’— nA,=0 

-oB, + (»■ -9p')A a -3pkU, + fiB, =0 
«A, +3jjAA 3 +(»• ——a V ,=0 
—dB, + (»'’—25^ , )A, -1-aB, =0 

" A, +oplA. t + (»• — 25p , )B 0 — «A 7 =0 

and so on. 

1 Phil Mag, Vol X1.1V, March 1922, 
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Dividing the 1st and 2nd by .3rd and 1th by ty*, 5th 
and 6tli by and so on ; and changing signs 


1 

1 + n ^b _ a n,=o 

V l> % / p % 

(-i + “ )i,+ 

V P p* / 


" A,=0 

v b ' + ('-£. 

) a - + ; 


- A '- ;■'■+( 

1_ v 

K + v A - =0 


UV 


“2.V A ’ - 5T. A ' + ( 

l- " a } 

> B ’ + 2.V- A ’ =0 


and so on. 

The relative magnitudes of the amplitudes a,, B,, a 3! d,, 
etc, may be determined by the method oE approximation 
Further by eliminating the A’s and D’s, we obtain the 
infinite determinant 


i-*: 
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,, j.’ 
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l—!i_ 

7*p B 

f 

7 V 

o 

0 

0 

0 

0 

0 

0 

0 

0 

O 

o 



258 


N C KIIISHNAIYAR 


The product of the diagonal elements 


_ f 
~ i 


( 


1- 


ii B 

1 A p' 



X 



) 


I * 
) 


= cns a 


nn 

“P 


oc 

sinro toft 6= 11 

m == 1 


<1_ 

l (2 m —lj’V 


I 


which is absolutely convergent 

All llie other elements in the 3rd and succeeding vow s 
cancel one another and the sum of all (he of ha elements m 

the first two rows is Therefore the sum of all the othci 

p' 

elements in the infinite determinant is which is also abso- 
lutely convergent. 

Therefore the infinite determinant is normal and conver¬ 
gent, and it gives the relation between the quantities n, p, a, 
and k which must be satisfied in order that maintenance m.*y 
be possible, 

Similarly in the cases in which « = 2 p, or ip, or Op, etc , 
we may assume 

?/= sin '2 /j/ + A v sin sin f»/)/ + 

+ 1^+11, ms 2j)f + 1^ cos 4y^ + H fl com C u ,t 4- 

Substituting in the dilTerential equation and equaling to 
zero the sum of the constants and the sum of the co-elfioients 
of sin ‘Ipt, cos 2/;/, sin Apt, cos Apt, etc, separately, ne 
obtain 

ii *11 0 — (i A, =0 

— 2<iB () + A,(h 3 — ty*) —2/iAB, +111^=0 

2/iAA,+(ir-V jll,-o \,=0 

— uB, H («’—l(iii’)A , - tyA 1J, + ,iB„ = 0 
«A, + 4/il A, + (« 3 — l(ij) , ;B t — tiA„ =0 
-on. + lii'-ab^’JA.-UyAB.+nH^O 

ir A 4 + A, +(«■ — Ifiji'JB,,—o A, =0 
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Dividing the' first equation by the second and the 
third by j.^», fourth <ind fifth bv sixth and seventh by 

.K v - and changing the signs of all equations except the first, 
vi e have 


H«- t A,=0 


1,1 H + ( 1_ Y\ + V. j,-1J =() 

2- p'- " \ 1‘ ;. J ) ‘ 1 2* //• 1 

_ \ +( 1_ W . 




" 11,+fl-,"' )v,+ Jj ,k 11 — " I1 0 =(I 

i* r 1 V /' J / «■' )<‘ 

A„- ^ A,+( l- - Yl,+ , n A, =0 
t> - 1' v 1 ' I- J 1 M jj* 

" tl.+fl-"’ U„ + l, ^ A 11, 

»>■>' V <>v / b- j>* 


I> J !>* 


J1 =0 




A. —0 


As before, eliminating the A’s and the B’s, «e obtain the 
infinite determinant, 
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The product of the diagonal elements 


irp 2 p 


U 1 

Ip' (\ 

-sFjj.X 1 - 

"" )( 1- "" ) 
i-V 1 /\ u-p* / 

I' 


7T J lf U 

7T J U ~ 


1_-V 


( i 

...{• 

lv 

A 2'ir’ ) 

V / 

) 


n 

= — Hill 1 

TTIl 



r P 

'Ip 



which is absolutely convergent, since 
>mi0=0ii fl- 


The sum of all the other terms becomes zero since they cancel 
one another 

Hence the infinite determinant is normal and convergent, 
and it gives the relation between the quantities n }), a and 
k which must be satisfied in order that maintenance may be 
possible 

With reference to the foregoing equations, it may be 
remarked that in the case »=j>, a first approximation to the 
results may be obtained by considering only the terms A, and 
B, and neglecting a, and it,, etc. When n =3p the terms a,B, 
and a,B, must at least be taken into account, a,B s being 
relatively of larger magnitude. In general when n=*p, the 
terms up to a, and B, must at least be taken into account, 
the higher terms being neglected The equation obtained by 
eliminating the A.’s and B’s is correspondingly simplified. 
Since however, only thu ratios of the amplitudes AiB„ etc, 
are determinable from the equations and not the amplitudes 
themselves, the theory outlined is not really adequate for a 
detailed comparison with the facts of observation. The theory 
is also inadequate as it indicates that steady maintenance is 
only possible under certain definite conditions whereas in 
actual practice there is considerable latitude permissible as 
regards the magnitude and the frequenoy of tbc imposed 
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variation of spring It is obvious that the theory requires 
emendation, being too simple to cover the actual facts. Two 
modifications of the simple equation may be considered. The 
first modification is to take into account the change in the free 
period of the vibrating body which occurs with the increised 
amplitude The second modification is in the law of damping 
which mav alter with the magnitude of the vibration. 
C V Raman 1 has shown that a term introduced in the 
part of the equation representing tension provides for the 
variation proved experimentally to occur in free oscillations 
of sensible amplitude, due to the second order differences in 
length between the equilibrium position of the wire and the 
displaced position of the wire The frictional force is put 
down as the sum oF two terms, one proportional to the velocity 
and the other proportional to the square of the velocity 

The Fust Type 

The differential equation for the case in which the 
frequency of the maintained vibration is one-half of the 
frequency of the variable spring may be written as 

y 4* h f y + hy* +(n B — 2a sm 2pt + fty*)y =0 

The sign ± indicates that the frictional force changes 
sign with velocity 

u V 

Assume 

y = A ! sin pt + 13 x cos pt + V , sin '1^?/ + 13, cos 1 pt 
+ A, Rin £>/>£ +H-t con r )^/ + 

expnnd the even funotion cos 1 ^ pZ + tan' 1 ^ by Fourier’s 
theorem into a series of cosines of multiples of ^pf + tan- 1 ^ j 
between the limits — * and * equate the collected co-efticients 

1 11 Photographs of Vibration Cuhph,” Phil Map, Mr) 1011 


li 



262 


N C. K IlISHNAIY \ R 


of Bin pt and cnspt separately to zero If A stands for amplitude 
of the maintained vibration, it i.s found 1 I hat 


{ 'J/j.v-V-" 1 ) | ’ 




It follows that A is not symmetrical with respect to 
(p '—»■), that there is no resonance ‘ peak,’ that the relation 
between A ami (p« — «*) being nearly parabolic, with the 
increase of (p’—n a ) the amplitude incieases to a maximum 
value and then a sudden collapse of main to nance occurs 
Experiments described in the author’s paper cited above fully 
verified all these conclusions 

Again according to Lord Rayleigh’s theory, the phase of 
the maintained vibration is constant and independent of the 
maintained amplitude. It is found - expeiimcntally to change 
with the amplitude If 6 be the phase of the maintained 
vibration, according to the theory given above. 


.I’-yH-jM 1 «-j»[ r+ ^lAl 

tan 0 — B « =-=------ 

a+p £ k’+ — jjAA J (»•—+ 


tan*0 = 


a+p[ I' + ^lAA] 


,„_l- t an.* r[ k ' + l pkA ] 


cos 20= 


1 + tan "0" 


a cos 20=2>/' + g-p B J A 


1 Phil Ua^ Vol XLIV, March 1922 
1 C V Rtmifi, Physical Review, December 1012 
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In the excess tension end, A limits to zero and therefore 
a cos 20 limits to the value pk'. For maintenance it has been 
shown that a should he greater than pk' Hence the lower 

limit to cos 20 is the proper fiaction At the collapse end, 

n 

A limits to the value («— pk') and this value of A makes 

op* U 

cob 20=1 Cob therefore increases from a fraction to unity 
and the phase therefore diminishes from the neighbourhood 

of ~ to zero 

4 


The Second Type. 

The differential equation for the case in which the 
maintained vibration has the same frequency as the variable 
spring may be written as 


y +k‘y + k y' + (n , y—2ny sm 2j)l+/9y 5 )=0 


Assume 

+ P, sin P, cob 2 pt 

Then 

y=2 P {P t cos 2pt~ P B sin 2 pi \ 
y=. — 4 p* {Pj urn 2pt + P, otis 2 pt\ 

— 2y sin 2pt = — P, —2Q sui 2 pt — P B sin 4spt+ PjCos 4 pt 
y , =(Q , +;QP , )+(;p 1 a +Jp 1 Q , + ;p,P P , ;B l n 2pt 
+ 1P 1 ‘ + .1P 1 « , + 1P.P,*)‘'os2^ 

+ terms involving sines and cosines of -Ipt and so on. 


P> =P, ■ + !*,■ 


Again 


y = 2j>P coa^ 2/tf + tan ' j* 1 ^=2jnP cos*, suppose 



264 


N C. KRISttNATY \ It 


Then 


y 1 =*ty 1 T ,1 cu<i 1 x=/(X) 


/(x) = “ C0S *X roq x nognlno, / * , wlicn \ vanes fijin— jt to — 


/<X^ = +c i os*x when cos x is positive i c , vi hen x vai les fiom— * /u + * 

2 2 

/(xl = ~c° s1 X v '^K*n cos HPpfalivo e *’ when x vnnos fioin + ^ to +tt 

m 

Wi ihnsj f(%) =-!&„ + 22A, (os i^+Si/, sin >\ 


\ i 2 c - 

-I \ -cos'xu.s i X '^+ l*"'’X‘"s <X'/X+ I 

’ |J J , ) 


— i OS *^1 OS 1 \tl\ j** 


7T 

/ % 

a r = — i I —cos 1 

* l J 


XSin iX'^X+ li'os’xsm J*'fx + 


ll 

1 —CCIS 1 

J jr 


X s 1,1 'X'W I- 


Then 


Therefore 


6 0 = 0 , ff, =0 mu] b , = 


+ AV*=OpM’’fc j ^cos^pf + fan -' p-| ) + | 

=jj^p'PA | P, cos 2pt — 1*, sin 'Ipt . | 

Substituting these values and equating separately to zero, 
the sums of the constants and the co-eHicicnts of Mn 'ipt and 
los 2 pi, 

Q{» , +A« , + 1 i P , )}=«P 1 (1) 

P 1 {n , -tp') + / aCP*+ 3 Q.)}_ 2 ^P 1 ( r+ 5 -^.Pl)= 2 aQ ( 2 ) 

P 1 {(« , -ty')+WP , +3Q) , } + 2pP 1 (V+ ^pPl ^=0 (3) 
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From (3) 

I-, = _ 2 K 


( 4 ) 


Multiply (2) by P, and (3) by p, and add, 
p*{(»’- tp’)+j9aP i +ja a )}=a.p 1 g 
The lisjht-hnml side with the help of (1) becomes equal to 
2Q , (' |, +/3ti , + 3/3l") 

P* _ 20- , +/3QM-]/3P , i 


The numerator is nearly equal to 2,,* In the deno¬ 
minator u‘ is nearly equal to 4p* and /v t P’ +3Q') is small in 
comparison with „* The denominator is therefore small 
compared with the numerator and therefore Q> is small in 
comparison with p« Therefore y« may ho neglected in com- 

p 

panson with p> Divide (2) by p,, substitute for by (4) 
and for by (l) Then 


(n -ip')+/h: P- + 1Q»I + 


h>-( 


*'+'v ,u ' 


O’ _ 


oi'-tjj'j+za. n'+jutci' + jp*) 


Neglect y in comparison with p j and ^(Q' + ’P 2 ) in compari¬ 
son with then 


1 «■- 4p")+;/5tp* + 


in’—-Ay**) + J/CJP * »’ 


n ’ {(«’ - I;,’ ) + 'Jl" } ’ —Ua’ {In’ - V ) + ’/3P J } 


+ ^’»’( k’+ l ^ V Pk )’=0 

a’ + a* — A' + ^pPl ^ 


.. («■ —+ ;/3P* = 
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The quantity under the radical sign must he positive and 
hence 


P< 


(£-*') 


Sir 

lb pk\ 2pn 


At excess tension where P is small, for maintenance to be 
possible, 

n* >4p , n*l ,, J 1 p , a* >2pn , k' 

Again when P is small, the quantity with tho radical sign 


£ a'-4p‘n*(k'+™pPh V | * 

is equal to 

{«‘-4 P *» 4 A-p=a 4 J | • 

= a* ^1 — ,l ^ | Rince a 4 >4p , M 4 A' , 

Therefore 


(,i«_4p , ) + J/iP 




nr 


_2p*n’A’ 1 

it 1 


Since the amplitude of vibration increases with the value of 
a, the first term is the correct one 

Hence the expression for the amplitude is 

pPkJ 

j/jp* = (V —«)•+- 


<!■+ Va 4 -4p , »i‘( A'+l? 


As in the first case the amplitude increases with the increase 
of (4p*—u 1 ) and the relation between them is parabolic. 
The amplitude increases to a maximum value 
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and then there is a collapse of maintenance* Again for main¬ 
tenance to he possible a should be greater than „ An 

experimental study by the author of the amplitudes of this 
type of vibrations of a stretched string, forced by an electric 
motor-vibrator devised by J. A Fleming and improved by 
C V. Raman, 1 has in a general manner, shown the correctness 
of the above results A gradual increase of amplitude with 
diminution of tension and a sudden collapse of maintenance 
after a maximum amplitude, weie observed but the arrange¬ 
ment was not suitable for quantitatm* detci ruinations If e 

p 

be the phase of the maintained viln.ition, *«n i>= j, 1 


When V is small, tan 6 becomes equal to 


2 P V 
— 2a' 

u* 


pn*k’ 


n' 


which is less than J since 

« B > 2j)u*k r 

When P has the maximum value, 

'll 

tan =-1 

«■ 

Tan 6 therefore changes from a value less than — J to — 1 ns 
the amplitude increases 

The Third Type. 

In the time taken by the forcing system to complete two 
vibrations, the vibrating system does in the first type one 


1 Phyeical Review, November 1910 
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vibration, in the second type l\\ o vibrations, in the third type 
three vibrations and so on The photograph 1 of a string 
executing the third type of vibration, clearly shoivs that in 
Addition to the two extreme positions, there aie two inter¬ 
mediate resting points of the string, one on each side of its 
equilibrium positiou In the equation of motion 

y +k'y +Ji/* + (»'(/ — lay sm 2jit+f3y* ) = 0 

Assume 


ysP^in Pj 1 0^ .{/</ + Q, sin + cos jit 


Then 


v=W* cos .— P, sin i/)/] +^{Q, cos />£ —sin pt\ 
y= — 9jJ l {P 1 Mll«J^f+P a COs )/>/} — j)' JQj COS jit + cos jit } 


— 2y sin 2 pt = l} l los Spt— Qj sin — (P, +Q,) COS + Q.) s "' )* + 


By Fourier’s Series, 


-4- hy' PA I’| (os \fit — — ^i'PII’j sin Ipl 

7 r it 


If 

P»=IV+IV «"fl Q'slV+U,* 
^’^{iP.P' + iP.Q' + w.'-itt/g.jco. j|.i 
+ / 9{iP l p*+^p,Q>— iQ.' + ’g.Q,*} mu v 
+ /9UQ,P , + lP,'ti. , -« l ')+iQ 1 « 1 l , 1 + :CJ,Q , l cos;./ 
+fltSQiP , + :P.(Q, , -(i, , )-JQ l tt 1 P,+^ 1 Q 1 ’J s.n;,f 

1 Figure I, Plate VI, of C V Hainan's bulletin quoted before 
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Substitute these values in the equation of motion and equate 
separately to zero the sum of the co-efficients of 


mii pt, t us pt, mu Apt, and com \pt 


Prom the co-efficients of sin pi and cos pt, omitting terms 
involving p multiplied with small quantities, 


O, 0*’ — v 1 )—Q i ( «— p *)=« p i 


Squaring and adding, 




Q 1 _ «■ 

l’“ ((n'-pT + ln-plj'l 

From the co-efficients oF sin ’Apt and cos 3 pt, omitting 
terms involving p multiplied with small quantites, 

!',{(«’ - V )+ \p\" + IPU '} =«Q. 


l» 1 {(u , -!^» , ) +J/J1 ,J +J/9(i , } + .J/»AL* 1 = —oQ, 

Squaring and adding, 


p-{(«.-—jyap* -i- 1 + a a ; =a , y 


«*p* 

{in*— p'j'+la— ph)* 


■ -V»- 

■ » f p+ _ _ 2"' _ } p» 

1 t H (u’-]i’) + (u-ykj* ) 


= (V 


n' 1 + ^ ~ 9p '**[(»* — )■')' + (»- ?>*)' ] 

- L(«’—P’)' +(«—pA)‘J 


12 
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which indicates a parabolic relation between the amplitude and 
the change in tension Experiments give general confirmation 
of the result 

C. V. It am an in his bulletin cited before, lias published 
photographs and vibration curves of the first eleven types 
of maintained vibrations of strings under variable spring 
It will be seen from the foiegoing that they form a class 
of maintained vibrations distinct from the usual forms in 
that they do not have a resonance ‘ peak ’ but have the ampli¬ 
tudes gradually increasing to a maximum beyond which a 
collapse of maintenance occurs 

University College, Rangoon, 

The 6th August 1923. 



XVIII. Scattering of Light by Smoky Quartz 


By 

Nslini Kanta Stir. 

As has boon shown by Strutt , 1 the track of a beam of 
light, m a piece of colourless transparent quartz, though of 
exc2edingly small intensity can be photographed successfully. 
This track can also he visualised ns shown by ltaman , 2 by 
using a condensed beam of sunlight, provided the quartz be 
immersed m a vessel of highly refracting liquid, such as 
turpentine or toluol, and examined against a dark back ground. 
But the examination of the sc.ilteied light in smoky quartz 
requires no such immersion, as the intensity of the track is 
fairly strong A sample of smoky quartz cut perpendicular 
to the axis, showed a blue track ]ust in the neighbourhood of 
the convergent incident cone of sunlight, but the colour 
changed to a brownish tint further along the path, the beam 
traversing the crjstal being along the axis. 

Strutt 1 has detected the presence of striking coloured 
bands, when the lino of vision is perpendicular to the axis, 
due to the rotatory dispersion of the crystal, the incident 
white light being polarised and along the axis But the 
method of observation may be varied as pointed out by 
Raman , 1 by using an unpolarised beam transverse to the 
optic axis, and examining the track along the axis through 
a mcol. The scattering particles in the turbid medium of 
the smoky quartz polaiise the light, and due to rotatory 
dispersion, the tint changes periodically as the analysing 
nicol is rotated, or the thickness of the path traversed is 

1 I'roc of tho II 03 al Sot*, Senes A, Vol 05, p 470 

1 Natun*, No 2707, Vol 108, 1921, p hi 

3 Strutt, lac ci( 

4 Ramiiii, loc at 
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changed by displacing the crystal gradually along the line 
of vision. 

A comparison of the intensities of vibration in the 
scattered light, (a) parallel to the direction of the primary 
beam (weak image), and (A) perpendicular to the direction 
of the primary beam (strong image) by means of a double 
image prism and nicol, showed that the weak image had 
about 5 7 1 per cent, of the intensity of the strong one, whereas 
Strutt found it to be 3 per cent, for his sample of smoky 
quartz Thus it varies to some extent with the specimen 
used. 

It has been emphasised by Strutt in the paper cited 
above, that the smoky quartz is an optically turbid medium, 
the scattering being due to inclusions having no relation to 
the crystalline structure The examination of the spectrum of 
the transmitted light shows very clearly that the transparency 
diminishes gradually from the red end of the visible spectrum 
towards the violet region Hence it has been suggested by 
Raman 2 that the transparency in the infra-red region may be 
due to scattering of light, since the intensity of the scattered 
beam varies inversely as the fouith power of wave-length, 
the shorter wave lengths will not be transmitted, and the 
longer heat rays will be allowed to pass through without any 
diminution of intensity. Hence if the opacity is wholly due 

to the scattering, the quantity A* log io , should he constant 

over the whole range of the spectrum, where j„ and i are the 
intensities of the incident and transmitted light, and a the 
wave length of the transmitted light. To test this point 
quantitatively, the absorption co-efficient of the smoky quartz 
for different wave lengths in the visible region of the 
spectrum was determined by means of a Nutting photometer 
and a calibrated spectrometer with a shutter eye piece. 

1 I got tills ai the mean or iik (nearly concordant) leading's 

1 C V Raman, loc cit. 
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For the infra-red region, the comparison between the 

intensities of the incident and transmitted light was made 
by nn infra-red spectrometer with a linear thermopile 
supplied by Hilger. The results, due allowance being made 
for reflection, when plotted show that the absorption 
coefficient diminishes rapidly but uniformly from the blue 
towards the red, but in the infra-red the rate of diminution 

is much smaller The values of x* log computed for 

different wave lengths are found to increase at first uniformly 
from the violet towards the red, and then much more rapidly 
in the infra red legion Thus we conclude that the opacity of 
the smoky quartz is not wholly due to scattering, but that 
there is some genuine absorption also. 

That there is some real absorption can also be 

demonstrated in a different manner Following Rayleigh , 1 
suspensions of sulphur can be obtained by adding a drop of 
very dilute sulphuric ncid to a very weak solution of sodium 
hyposulphite when the particles arc of very small dimensions. 
Addition of ammonia to arrest the growth dissolves them to 
some extent, and they were allowed to grow till they 
reach a steady stage. By trial, a stage can be attained, 
where the intensity of the scattered light from the sulphur 
suspension is approximately of the same order ns from the 
smoky quartz, the size of the particles being so small that the 
scattering from them is effective in the inverse proportion to 
the fourth power of the wave length The comparison 
between the intensities of the scattered light from sulphur- 
suspensions and the smoky quartz was made by a Rotating 
Sector Photometer of Hilger, the incident sunlight being 
concentrated by means of two lenses of equal focal lengths 
and apertures, so that the original beams were of equal 
intensity. The absorption co-efficients w r ere determined either 
by the Nutting photometer or hy the sector photometer, 


1 Scientific Paper*, Toll. I and IV, 



274 


NALINI KANTA SUIl 


photographic absorption plates of known attenuation coefficient 
and Wratten colour screen so as to determine it approxi¬ 
mately for some definite colour, being used in the latter case 

If the absorption is only due to scattering, then J*= where 

li and I 2 arc the intensities of the scattered radiation from 
quartz and sulphur suspension, and K, ancl 1C 2 the absorption 
coefficients respectively It should be noted that due to the 
pretty strong absorption of quartz, the intensity of the 
scattered beam from it depends on the position of the point of 
incidence of tho original beam from the face from which the 
track is observed This distance should be noted, and the 
actual intensity of scattering as unaffected by absorption 
should be calculated. It was found experimentally that the 

ratio * l in much greater than - 1 , thus verifying the previous 

k, T, 

conclusion. 

(I got =42 nearly and [* =7 neaily, the result or 
two sets of experiments ) 

The colour of smoky quartz is believed to be due to 
some form of carbon, and its lefraclivo index for the ordinary 
ray is 15G0 against Toll for the transparent variety as 
determined by a refractometer Hence it was of interest to 
apply the theory developed by Gavnett 1 to explain the colour 
of colloidal solutions of metals, and of coloured glasses 
containing metal globules. But the existing data 9 for the 
extinction coefficient and refractive index of carbon lead to 
different values for the fraction of volume per unit volume 
of the smoky quartz occupied by the carbon particles, when 
calculated from the equations established by Garnett. The 
ultramicroscopic method of Siedentopf and Szigmondy failed 
to resolve the particles, and it was not possible to determine 
directly the number of particles in a given volume. Hence 

1 Plnl Trans lloy Soo , Scnei A, Vol 203, p 3P5 

1 Bee Tor example 11 A Cleric, Phy Rev , Vol 23, No 6| 
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with the existing data it is not obviously possible to test 
the validity oF the idea, but perhaps there may be some 
essential similarity between the constitution of smoky 
quart/, and a coloured glass plate having minute metal 
particles embedded in it 

It may be noted that Clark' has determined the 
transmission of very thin cathodic iilms of caibon, and has 
found that it decieases almost uniformly from red to 
X=220 6 i l ,,, beyond which the films are completely opaque. 
As shown by the authors’ measurements the absorption co¬ 
efficient of the smoky quartz also decreases uniformly from 
violet to red in the visible region As the transmission of 
the cathodic films has not been determined in the infra red, 
a comparison between the two is not poasible in the infra 
red. But several photographs obtained with a quartz 
spectrograph with different periods of exposure to the light 
transmitted through the smoky quartz from an iron arc 
showed that it was practically opaque beyond j!)0 ^ ^ This 
may be taken m support of the idea that the colour of the 
smoky quartz is due to some form of carbon 

The experimental work was carried out in the laboratory 
of the Indian Association for the Cultivation of Science and 
my best thanks are due to Prof. C. V. Raman for lus interest 
in the work. 


II ScDftleben am! E Bondic-t, Aanalun del Physik, 1917, Vol 51 




XIX. A Study of the Critical Opalescence of 
Carbon Dioxide. 

By 

T) K Biiaitacjiaryya, M Sc , 

Professor of Physics, B N College, Patna 

Tnl loditcl ion 

As is well-known, many substances show a strong and 
characteristic opalescence near the critical temperature The 
phenomenon was studied by Travers and Usher 1 for pure 
carbon disulphide, sulphur dioxide and ether, by F B Young 2 
for ether, by Keesoin 1 in a quantitative way for ethylene and 
very recently by Andant 1 for other, methyl, ethyl, butyl 
and isobutyl acetates The general theory of the phenomenon 
for fluids was developed by Kinstoinon the basis of the ideas 
first clearly indicated by Smoluchowski" Kinsttun’s expression 
for the fraction a of the scattered light is 

a=(‘.!ir*V/l)M (KT/N) x-' MU’* (1) 

—tipldo 

in which D represents the distance of observation 

V the volume of the fluid through which the light’ 
passes 

$ the angle between the electric force m the mcideut 
light and the direction of observation 
and fi is the refractive index 

At the critical temperalmo - dyjdo — O Hence the value 
a in equation (1) becomes infinity at the critical stage. But 

1 TiTU*ra and Usher, Pmr Itoj Sue A , Vo I 7N, p 247 (LOON) 

1 F H Young, lMnl Mng.Vnl -20, p 70S (1010) 

3 Kooumn p Ann doi riijiik (1011) 

4 Amlunt, ComptpH llomliiH, 174, Ma> I2J and Juno 1J, 192J 

" Lins to in , Ann dm l'hjaik, Vul ’V\ (’l!MO) 

* SmolneliowHki j Ann din Pliyaik, Vul 25 (TOOK) 

13 
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this is contrary to experience. Ornstein and Zernike 1 have 
pointed out that Einstein’s assumption that the density 
fluctuation in different elementary volumes occur indepen¬ 
dently of each other does not apply very close to the critical 
temperature. They take the mutual influences into account 
and modify the formula for opalescence in the form 

n _(2ir'V/I)*)_(R17X) vji'.diijdv)* \-«8 n y 

— ^Jp/rfii) + (4ir B RT f 1 ) ^1 +cost^c// jA)* 5 

where <f> represents the angle which the direction of 
observation makes with the incident beam, v the molecular 
volume ( i e, molecular weight/density), e the radius of action 
of a single molecule beyond which its influence is zero. At 
the critical point itself the fraction reduces to 

(V/ 2 U 1 1 x-■ O) 

Nf^l + COS^) 

Applying the Lorentz-Mosotti formula 



where K is a constant and p is the density, it can be shown 
by differentiation 


(lifi/dv)'= (/*• — !)• (fi‘+2) , /S6u , v t (4) 


Substituting this value of ( rfp/dv )* in equation (1) 

we have 


for ifr=irf‘2 
<t> = r/2 

..= (*• RT/3/18NA*) (,t*-!)■(,*■+2)* (5) 


1 Ornattm end Zernike, Proo Roy Boc , Amtlndun, Pt 1, Vol 17 (1914) 
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where /0 is the compressibility 

It is the gas constant 
T 19 the absolute temperature 
N is the Avogadro number 

a is the fraction of light scattered per unit 
volume per unit solid angle and in a 
direction perpendicular to the incident 
beam. 

Substituting the value of (d/i'd») s given by equation (4) 
in expression (3) we have 

a. = T V .(M*+2/ M’/Nt'A* . (0) 

where a, has the same meaning as a in equation (5) for the 
critical temperature only 

The case of carbon dioxide 19 of special interest in view 
of the classical works of Andrews, 1 * * Amagat,® and Jenkin * 
from which very complete data for the density and compres¬ 
sibility of the substance are available and also in view of the 
recent work of Raman and llamanathan 4 who have published 
an extensive series of measurements of the scattering of light 
in carbon dioxide in different states and over a range of 
pressures from 1 to 100 atmospheres and temperatures from 
0° to 50°C and demonstrated the validity of Einstein’s theory 
over the entire range. Raman and Ramanathnn did not 
however undertake a study of the scattering in the immediate 
vicinity of the critical state, as here special precautions are 
necessary in order to obtain reliable results The present 
investigation was undertaken by the writer in order to fill up 
this gap and thus to complete the study of the scattering of 
’light in this substance. 


1 4udrows Phil, Tram (I860), Pftrfc IT, p 675, 

1 A mug at Ann Chom Phyi (6) 20, p 02 (1893) 

■ Jenkin Proo Roy Soc , A, Vol 98, p 170 

4 fl&m&n and Rnmnnethen Proc Roy Boo , A, Vol, 104, 1023, 
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Experimental Technique 

Carbon dioxide under examination was enclosed in a 
sealed tube thus — 

A thick-walled spherical bulb wa9 blown from a capillary 
tube of rather a wide bore The bulb was cleaned, dried and 
exhausted and was filled with diy carbon dioxide while it was 
in liquid air CO, on entering the bulb condensed and when 
the requisite quantity of solid CO, was collected, the bulb was 
scaled off leaving about live centimeters of the tube as its 
stem On removing from liquid air, CO, liquefied under its 
pressure The liquid occupied 40 of the total volume of 
the tube at 27° 43 C and ■ 47 of its volume at 31°C The 
meniscus was visible at 31° 13 C and it disappeared at31 0 -2 C. 
Observations were made by passing light through the 
liquid. 

In. practice to have control over the temperature a 
thermostat had to bo devised the scheme of which is shown in 



i 
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fig. 1, whore A is a rectangular box made of wood, B glass 
wool, C is a coil of german silver wire, L a glass cylinder, E a 
stirrer, F a Beckmann Thermometer on which ,,,tli of a 
degree Centigrade could be read, .T the holder of the observation 
bull) D and II H the two halves of the lid of the thermostat. 
G was the shutter of the window which received the light and 
it was oponed or closed as desiied by means of the thread t. 
Stirring was done by moving the piece K up anil down. 
Lowering in temperature w r as done by adding iced w T ater 
and the rise in temperatuie w r as effected by passing a 
a current through the coil C. The temperature of the 
thermostat could be kept constant by regulating the resistance 
in series with its heating coil C for any length of time within 
the range of observation, itz, s 2t)’C to 35°C. 


I 



The experimental arrangement is shown in fig. 2 where S 
is a pointolite lamp of 1,000 candle pow r er, L, L, are two 
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achromatic lenses ; P t P s are two clear Hilger total reflecting 
prisms, N, N, are two clear Hilger Nicols , M is a Hilger wave¬ 
length spectrometer provided with an ocular slit, P, is the 
prism of the spectrometer; L s is a third lens by which the 
image of the opalescent track m Bis cast on the slit and A is 
the thermostat containing the observation bulb D Light from 
the source S was made parallel by the lens L t and the cylinder 
of rays thus obtained was focussed on the bulb D by means of 
lens L> A small pencil of rays twice reflected by the prisms 
P, P a was allowed to pass through the Nicols N 2 N, of which 
N, was pro\ ided with a fine graduated circle on which a rotation 
of one minute could be directly read The twice reflected direct 
ray passing through the pair of Nicols N, N] was made to fall 
on the spectrometer slit by means of the prism P, To avoid 
internal reflection, the observation bulb D was placed in a 
tightly fitting cylinder of black paper having three small 
apertures of which two w ere diametrically oppasite to each 
other and the third was on the line perpendicular to that 
joining the other two The glass cylinder containing clear 
distilled water was also painted dead black leaving three 
patches in positions similar to those on the observation bulb 
The observation bulb was so placed in the thermostat that 
the bundle of rays converged by the lenses Li and L s could 
easily pass through it as shown in fig 2. The intensity of 
the direct beam was controlled by rotating the Nicol N t 
with respect to N 2 . To avoid any change in temperature 
between the CO, inside the bulb and the water surrounding it, 
the window of the thermostat admitting light was kept closed 
when readings were not taken The temperature of the 
thermostat wns kept constant for 15 minutes before a 
particular observation was made. The spectrum due to the 
opalescent track became very fuint at 29°C and 34°C, so 
much so, that it was practically impossible to make any 
comparison with that due to the direct beam in the spectro¬ 
meter, 



CIlI 1'IC'AL OPALESCENCE OF CARBON DIOXIDE 


283 


Experimental Jiesults. 

Since the two hah es of the bands in the spectrometer near 
any wave-length were made equally intense by turning the 
Nicol N, with lespeet to N» it is easy to see that the intensity 
of the band was proportional to thn squaic of the sine of its 
angle ot rotation 0. All the values of sin 3 0 wore plotted 
against X -4 and some are shown in graphs 1 and 2 where it 
can be seen that the relationship is represented by straight 
lines for temperatures lower and higher than the critical point 
31° 3o C 1 Hut the relationship is represented by curved lines 
immediately in the neighbourhood of 31° 35 C no matter 
whether observations uere made when the temperature was 
rising or when the temperature was falling This clearly 
shows that for temperatures away from the critical point the 
law a=A\~*■ holds and thus supports Einstein's equation (5) 



1 ^limgAi’s r/ilue for tlic 01111001 temperatme of CO, u 31*35 C 


Those values of sirr 6 which when plotted against X -4 gave 
curved lines were next plotted against \~ 2 and the relationship 
was found to he represented by straight lines This shows 
that the law a=BX - ' J also holds in the immediate vicinity of 
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the critical temperature and this is a clear experimental 
support of the Ornstein and Zernike equation (3). 

Another striking but curious phenomenon observed is 
represented in graph 3 where it can be seen, a9 can be seen by 
comparing graphs 1 and 2, that the intensity for a fixed 
wave-length with the falling temperature is greater than that 
with the rising temperature. This phenomenon also attracted 
the attention of Andant. 1 

Absolute Determination of the Intensity of Opalescence. 

The arrangement of the apparatus described in fig. 2 was 
slightly modified in this case Here (fig 3) a rotating disc Q, 
driven by a motor and the lens L, of short focal length were 
used to alter the intensity ns desired. 

If 11 he the total distance (distance of prism P, from S + 
distance between prisms P, P 2 + distance from prism P 2 from 
LJ of L, from S, then intensity at L, = Q/i7rR z . Now since the 
rotating disc obstructs the passage of light intermittently the 
intensity is reduced to (l/2ir) ( dl,'l ) (Q/lirlt 2 ) whore l is the 
radius of the circle on which the aperture on the disc lies and 
ill is its width Considering the apices of the two cones of 
light meeting at () the focal plane of lens L„ the intensity at 
the spectrometer slit is further diminished to 

where <1, and have the meanings as indicated in tig 3 



It 
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Again the quantity of light fulling on the observation 
bulb is tyrt'/lirp' or Qf'/tp" where t is thu rudius of the 
aperture of the lens L, and p its distance from the source S 
Of this quantity a fraction, say a, is scattered by unit volume 
of the track per unit solid angle and in a direction at right 
angles to that of the incident beam. 

Therefore the quantity of scattered light falling on the 
slit of the spectrometer 


— (W/’h’’) (o-tdv'i*) 

where s is the length of the track and r is the distance of the 
spectrometer slit fiom the track Hut the spectiomcter slit of 
area da was equally illuminated by the two sources lienee 
we have 


(()!*/- i/J 1 / a iltr, I* )=UI (j ihr Stt* It J 7 ^ — 1 ^ 


or 


=1 1 / 1 >* (»|| jjr> f. h* (' 1 y j 


In actual cxpeiunent 

k'oi X— 5400 A 
tcmpcr.Ourv = 10 , r )() 

(//-= 1 it IIS, / = 10 O fills , P = 4J 0 LftlS , 
i = 14 .It 1 1 h , /i a =78 8 cun , i/j = J 70 t ms , 
11 = 111 t in, s= 43 cm , / = 1 9 ems 




‘2r* 10 5 


42'x14 3* 


l 

43 


■J-9, 


= 2 79x10" 
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TIis unknown quantities in equation (3) are 3, /? and p. of 

which % is the gas constant 1 and its value is ] OSxlO -1 ®. y8 

was found hy plotting the reciprocals of the compressibility 
taken from JenkinV work at the saturation points against 
temperatures up to 23 C C. The reciprocal of the compressibility 
at 31° 33, Ihecntical tempointure oi CO;, was considered to be 
zeio fi“ was cilculatcd by applwng Phillips’'* expressions 
for CO, 


1 /.=() 11 V 

fi‘-l 

where pis the de isity and its value at 30 ."iC = ‘57l> (Amagat) 

The value of a thus calculated becomes eq lal to 2 26 x 10 -+ . 
The two results me of the same order and considering the 
various uncertainties the experimental value agiees fairly well 
with the calculated one. 

The value of a at 30° 3 C being known, a for the critical 
temperature was calculated from graph 3, From two curves 
two values of a, were determined 

u r =Jf l'J x 10 4 Item time ('2) 

«, ■= 10 J4-xl0 ^ lioiniuiNc (1) 

Taking ci L =9 1!) x 10- 4 the value of e hoeoaies 7 9X 10“’ 
With 


«.=10 , {4xlO-' 

t — 7 5xlO _7 t , m (Doth b. eqii'ihdii G) 
lienee the mean value for c=7 7xlO _T t*in 


1 Gns iiinatunt Jenna Dy nnruit til 1 heoiy oT Gates 
1 Jenkin Proc Do) Sue A, Yul 9N ( p 170 
3 Phillip* Plot Do) Sot A, Vol 97, p J2C 
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Thanks are due to Prof C. V Raman for the facilities he 
gave in conducting the experiment in his own laboratory and 
for his valuable suggestions. 

Summary, 

A description of an experiment arranged to study the 
variation of intensity of opalescence of CO* with temperature 
for wave-lengths ranging from G000A to GOOOA is given. 
Results obtained are illustrated in three graphs where it is 
seen that the law holds for a = A\~* temperatures away from 
the critical point, and in the immediate vicinity of the critical 
temperature the law a=AX. -2 holds. It is also seen that the 
intensity observed with falling temperature is greater than 
that noted with rising temperature An arrangement for the 
absolute determination of intensity of opalescence near any 
wave-length and at a fixed temperature is also described 
The intensity of opalescence at the critical temperature 
itself is calculated from the experimental data. Finally the 
value of c, the maximum range of action of a single CO* 
molecule beyond which it has no influence, is calculated and 
its value is 7 7 X 10~ 7 cm 


rinlli|.8 Pi oo Ho) Soo A, Vol 1)7, p 2«lr» 
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